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EXPERIMENTAL BITUMINOUS-TREATED 
SURFACES ON SAND-CLAY AND 

MARL BASES 
REPORT ON EXPERIMENTS IN SOUTH CAROLINA 

Reported by PAUL F. CRITZ, Associate Highway Engineer, U. S. Bureau of Public Roads, and 

W. K..BECKHAM, Maintenance Engineer, South Carolina State Highway Department 

BITUMINOUS TREATED EXPERIMENTAL 
ROAD was built in Berkeley County, South Caro- 
lina, in 1929 by the State highway department and 

the Bureau of Public Roads to obtain information on 
sand-clay and marl as base materials and on the com- 
parative value of various bituminous materials and 
methods of construction. This experimental road is 
still in service and a considerable portion of it is in 
good condition at the present time. It has been main- 
tained with only such changes as have been brought 
about by the application of necessary re-treatments and 
maintenance that have been required to keep it in 
reasonably good condition at all times. The record of 
its construction, maintenance, and service behavior, 
provides an opportunity for the study of a number of 
factors upon which information was desired. 

The experimental road, 4.48 miles long, was con- 
structed on State route 46 and extends from the inter- 
section with United States Highway No. 52 at Moncks 
Corner to the village of Pinopolis. It consists of 
eight different sections constructed upon a marl base 
and eight corresponding sections built upon a sand- 
clay base. Three methods of construction were em- 
ployed in building the bituminous surfaces. One was 
the mixed-in-place or road-mix method in which the 
aggregates and bituminous materials were mixed 

together on the road with blade graders and then spread 
and rolled. The second was the penetration method in 
which the aggregate was spread and rolled and then 
penetrated with the bituminous material. The third 
method was the surface-treatment type, sometimes 
referred to as inverted penetration, in which the bitum- 
inous material was spread first and immediately covered 
with aggregate. Except on the road-mix sections, no 
manipulation other than that of light brooming to 
obtain a uniform cover of aggregate was done. 
Rolling completed the operations except where a 
seal was applied. 

All of the bituminous materials used were liquid and 
were warmed slightly to insure uniform application. 
The material used for priming both the marl and sand- 
clay bases was a tar of 8 to 13 specific viscosity at 40° C. 
The materials used as binders in the mixed mats were a 
tar of 25 to 35 specific viscosity, Engler, at 40° C. 
and two asphalt cements of 60-70 and 85-100 penetra- 
tion, respectively, cut-back with naphtha. These two 
asphaltic materials will be referred to as 60-70 or 85-100 
“cut-backs” or “CB.” A quick-breaking emulsion was 
used in the penetration sections and an 85-100 cut- 
back was used in the surface-treated sections. For the 
seal treatments, the same bituminous material used as 
a binder in a given section was used except in section 6A 

TABLE 1.—Analyses of subgrade and base course materials 

Identification of samples Mechanical analysis Characteristics of materials passing No. 40 sieve 

ee Moisture 
Par- | Coarse ne Silt Olay g sae = rs Shrinkage | equivalent Soil group 

Labo- : ticles | sand, | sand, ? | smaller 2 er- eae as- 
Section ee q_ | tatory ee q_ | Jarger | 2.0 to | 0.25 to Gon: than ae cent res ticity 

serope No. te hese has than 0.25 0.05 3 0.005 | 6 001 passing index | 7 im- Cen- 
2.0mm.} mm. mm. vishal mm. : Ratio} tri- | Field 

mm. it fuge 

Per- Per- Per- Per- Per- Per- 
cent cent cent cent cent cent 

ACR Ce| 1934028 220s 8166 | Subgrade___-__- 0 33 39 13 15 17 94 13 3 12 2.0 12 12 | A-2, feebly plas- 
B. tic. ; 

0 32 33 14 Dis | See eee 82 28 14 14 1,8 iN 18 | A-2, plastic. 
0 32 29 13 26 20 83 27 16 13 1.9 18 18 Do. 
0 9 50 22 10)|| epee 96 34 ey) Ta) G8 19 21 | A-4, very plas- 

tic. 
0 35 49 5 11 10 89 16 Oveocee ae eee 6 19 | A-3. 
0 42 34 9 1ysia ee eee 88 16 il 11 1.9 7 17 | A-2, friable. 
0 36 45 7 12 8 86 14 O} | Be aes re ee 9 17 | A-3. 

0 12 45 21 22) oan 95 40 Ou Eee |e ee PRN |e pee eo A-5. 
0 11 44 21 24 15 95 40 17 31 1.4 29 dL || A=). 
0 14 48 19 On Ssea 95 41 6 31 1.4 23 42 | A-5. ; 
0 14 44 21 7 ANG) Ree = Be 94 35 9 27 1.6 21 29 | A-2, plastic. 
0 14 48 19 19) |S aes 95 36 5 27 1.5 9 33 | A-4. 
0 13 47 20 20) (Reese s 94 38 if 32 1.4 21 35 | A-5. 

GAG. = During con-|_______- Sand-clay base 1 17-24 47-53 10-11 19 14-15 93 25-26 9-12 17 1.8 | 14-16 | 19-22 | A-2. 

struction 
(BH Date ee Owens |News coe ate aeet CG Ue ant Pe 0-1 24-30 43-46 8-11 16-21 11-15 89-93 21-28 8-12 18 1.8 | 14-20 | 17-23 | A-2. 
Us Sie eee (ee Comsat Rae = Roe C6 (a yaa Oa he 0-1 21-30 46-60 7-8 11-17 7-14 92-93 17-24 0-10 ay, 1.8 8-14 | 16-20 | A-2 and A-3. 
(i oes OSs ees oe SI65 [|-2- =. Oz eae 0 32 50 6 12 7 93 17 | ee 5 eee 9 17 | A-3. 
7H St ee During eon-|—-=-2--be 2 OL 0-1 19-27 55-59 8 10-14 7-11 95 18-21 0-7 |17-18 1.8 | 11-16 | 16-17 | A-1l and A-2 

struction. 
Ce Se LOSE seo ee SLOSe|ee ee Gls e525 0 29 55 4 12 8 93 idl eet 0 |e een 8 19 | A-3. 
NOS fe ae IPuninmeon-|-ssaesaeleaso= OAS 2s 0 12-20 50-65 8-11 11-21 8-16 94-95 17-380 0-16 |17-18 1.8 9-18 | 17-19 | A-2 and A-3. 

AQeee oS rae ee Y/N es Soe COS. eee 0 26 51 7 16 12 96 19 i 15 1.9 11 16 | A-2 plastic. 

12 samples. 2 4 samples. 33 samples. 
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where an 85-100 cut-back was used to seal the mat 
in which a 60-70 cut-back had been used as the binder. 
All of the asphaltic materials came from one refinery; 
all of the tar products came from another. 

The aggregate was crushed granite graded as follows: 
1% to % inch, % to \% inch, % to \% inch, and % inch to 
dust. 

ANALYSIS OF MATERIALS AND COST GIVEN FOR EACH SECTION 

The location and description of the various sections 
comprising the experiment are shown in the charts in 
figures 1 and 2, which also show the character and 
extent of the re-treatments that have been applied 
since construction. Analyses of the base and subgrade 
materials are given in table 1. The grading of the 
ageregates and the analyses of the bituminous mater- 
ials used are given in tables 2,3, 4, and 5. The cost of 
maintaining the bituminous surfaces, including re- 
treatments, is given in table 6. 

TABLE 2.—Mechanical analysis of crushed stone used in 
construction 

1 

‘ : : 1% to’%s} 4% to’ | 9 to ee 14 inch to 
Size designation inch inch inch dust 

Retained on— Percent | Percent | Percent | Percent 
1}4-inch screen 
?-In ch SCreel ees se ee oe oe eee 
34-inch screen -- 
14-inch screen 
WaT CHSS GCC Tee te eee ee eee 
N 

The experimental road extends west and north from 
the intersection with United States Highway No. 52 at 
Moncks Corner, where the stationing begins, but for 
easy reference in this report it will be considered as 
extending from east to west. 

The route on which the improvement was made 
carries principally passenger cars and light trucks, but 
some heavier trucks with trailers carrying relatively 
heavy loads of logs or merchandise also use it. The aver- 
age daily traffic is given in table 7. The area adjoining 
the experimental road is relatively flat and low with 
the water table close to the surface. The soil is sandy 
loam, suitable for agricultural purposes and forms the 
subgrade of the roads in this area. Unsurfaced roads 
in the vicinity contain the same type of soil and their 
service behavior depends upon the composition of the 
soil. The subgrade on the experimental road was 
composed of material of this character and, as shown 
in table 1, varied somewhat in composition and physical 
characteristics. Some natural drainage is afforded 
and this has been supplemented since construction by 
the installation of cross drains, French drains, and side 
ditches so that the drainage requirements have in 
general been fairly well met. 

At the time this experimental road was constructed, 
the application of present-day soil analysis had not 
reached the stage of development that it has more 
recently attained. Methods of stabilizing loosely 
bonded, sandy soils had been developed and a con- 
siderable amount of work of this character had been 
done in South Carolina and elsewhere both experi- 

TaBLE 3.—Compostition of the cul-back asphalts used in 
construction 

ANALYSIS OF DISTILLATE 

Specific: eravityy: (io/7 lobe sesee ees eee soe eee eee eae ae ae eae 0. 786 
Initial boiling points crease as ke a Se ee eed SP er ly) 
Total distibllateto 2008 he one Bae ao So co ees an toc aa sence ere seasons percent... 2 
‘Total Gistillate:tois00S Ek soe noon ees pene eo Seen ae eee ue see dOsae2ee 6 
otal: distillate to cough aeoe eee ee er Se eee ne cee Golses- 89 
ANC op Ol G Soke es ae aes ens eee er ae at ee ae eee ee °F. 622 

ANALYSIS OF ASPHALT CEMENT BASE 

Penetration | Penetration 
grade, grade, 
60 to 70 85 to 100 

Penetration aticorh eee ose te ae eee eee ee 67 100 
Softening pointsess— ee ae = ee ee eee SEE, 125 116 
AB beer nb hiaigisy Ber ios’ A Neste en a eT a cm_. 110-+-+ 110+ 
Loss at 325° F., 5 hours, 50 grams_-.---------- percent__ 01 - 02 
Soltibilttysini© Sess oee ee ee eee eee dons 99. 88 99. 88 

ANALYSIS OF COMBINED DISTILLATE AND BASE 

Penetration Penetration 
grade, 60 to 70 |grade, 85 to 100 

Specie era vaby di lohi dea aes eae te ae oe ae 0.947- 0.950 0.942- 0.947 
Flash. pointutenes #205 52 ee ee eee Ca es S2 — 86 77 — 86 
Specific viscosity, Engler, at 104° F________-_______. 59 -71 41 - 62 
Specific viscosity, Engler, at 122° F__...--_--------_- 30 - 37 23 - 34 
Loss, 325° F’., 5 hours, 50 grams_---.-___-- percent__| 25.4 - 28.3 24.5 -— 28.2 

Residue, ‘penetration Ot 279: es ea eee 84 -101 104 ~119 
TOSS io20> Ls oO MOUTS 20 OT aT Sse eee enee percent__| 26.3 - 29.8 24.9 - 25.9 

Residue; penetrablonca tails sea eee ee eee 44 - 50 56 — 65 
Solubility in CS 5s ee ee ee percent__| 99.79 - 99.91 | 99.79 — 99.88 

Organic matter insoluble____...---.-._-_- dogeae| 9 318 — ee 08 -18- .07 
Inorganic matter insoluble--.-.-..--.---- Cleeall: aR: Oi .04- .02 

Bitumen insoluble in 86° B. naphtha__----_. do...-} 18.8 - 19.4 14.9 - 17.0 
Residue of 100 penetration_--_-_---_.....------ Goes 2ee—ai3 74 - 75 

Penetration of residue at 77° F__.-.-----.----_- 87 - 94 90 -104 
Penetration oOLresidue atiozc hee = == eee 14 = 23 12 — 22 
Softening point of ena Eo Be pais -126 15 G53 -119 
Ductility of residue at 77° F___- Fie 110+ 110+ 
Ductility of residue at 38° ie ae a as aoal 74.0) R=an One 4.9 - 6.4 

Distillation by volume (A. S. T. M. Di 
Totalidistillate bow /4c tee eee percent__| 6.0 - 9.8 0.8 - 11.5 
Motalidistillatetoi4o(asteess ae eee do_.--} 19:0, — 26.0 20.0 - 22.0 
Motalidistillate: toGs0y tenses s ee ae ee eee do_._-} 30.6 - 37.4 29.7 - 33.6 
Residue, penctrationati(- Uses eee ee 67 - 75 78 - 98 
Residue; corenineupollpeaaeeenee =e ae CA eh) -122 110 -118 

TABLE 4.—Analysis of tars used in construction 

Grade of material 

8-13 viscosity ! |25-35 viscosity? 

Specificeravityses (cue baa enen eee ae eee ee 1.142- 1.148 1.165 
Specific viscosity, Engler, at 104° F_____-______.___- LISTS 7 27.5 —- 28.5 
SolabilityimiC S soe eee eee ee percent__| 96.15. - 96.93 95.92 - 96.98 
Organic matter insoluble__-..20_---..-.-.__L- do...-| 2.65- 3.81 2.04 - 3.61 
IMOrsaniGanatteninsoluplesssese= == saan ee G0neae .02- .04 .02- .07 
Wiatertccceos 2 eae eee eee do_.-.| .04-— -40- .96 
Distillation by weight, water-free basis: 

POrS38 0h es eee © ee oe ee ee eee percent__| 1.05 - 1.25 .53 - 1.07 
BS feat data il ee ores Sears = eo, oe SRE a do_-..| 6.67 - 6.93 4.71 - 5.29 
ADS°=5182 Pie tt Soe oe See eens Sarees See do_._..| 11.57 - 11.89 8.89 - 10. 26 
BLS =b 722) Howe: See eRe ee ee do..-.| 8.40 - 8.45 7.89 - 8.03 
Residues ss ae een ee a ee do_...| 71.49 - 72.10 | 76.07 -— 77. 26 
Softening point of residue______-___._____- ° F__}109 -110 106 -107 

1 Used as a prime on all sections. 
2 Used on secs. 2B and 7B in the mixture and in the seal coat. 

TABLE 5.—Analysis of asphalt emulsion used in the construction 
of sections 2C and 7C 

SPCC RTAVILY nai MuiiLe Sata e = ae on ae ee er 1. 009 
Specifie viscosity, Hugier, at 122° Pee ee eee 1.98 
Distillation to 500° F., by welent: 

Wiaber sass ae eo. sacs ssSehah sn eee on ee ee ee eee percent_. 47.3 
OUD ese eee en eh es eae eee does) rrace 
Residuc.se este oo Le ee ee eee COS yA 

Tests on residue from distillation: 
Specific sravityy77c/77° Pis= seo ee ee ee 1.015 
Penetration at'77° Bi. oe ee ee ee eee 113 
Softening point. 32k ee eee eae ae abks 
Ductiltyativ7r° We 6 = A Pe ee eee cm... 96.5 
Solubility in"OSa.- 5). Se ee eee percent... 98.94 
Organicnmatter insoluble. o-2 5s) Seen oe eee en ols oe - 40 
Ashi(by ignition) 9.2... 0 saris oe ee ee Gon : 66 
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2,4. PUB ERGO AD:S. Vol. 20, No. 2 

EXPERIMENT | - SECTION A EXPERIMENT I- SECTION B 

STA.0+00 CONSTRUCTION 13+28 STA.13+28 CONSTRUCTION 24+50 

BASE MARL, PRIMED WITH 0.27GAL.8 TO 13 VISCOSITY TAR MARL, PRIMED WITH 0.27GAL.8 TOI3 VISCOSITY TAR 
1.8 INCHES USING 0.91 GAL.60- 70 CUTBACK; 154LB. STO Ee "Toy": 1.8 INCHES USING 1.03 GAL, 85-100 CUTBACK; 156 LB. STONE, ee TO Va 

MIXED MAT 38 LB SCREENINGS 4' TO DUST ty 10% MIXED MAT 37 LB. SCREENINGS, !%"TO DUST 

TOR ATIENT. 0.42 GAL. 60-70 CUTBACK; 30LB. STONE CHIPS, 9" TO ¥/," ene 0.29 GAL. 85-100 CUTBACK; 15 LB. STONE CHIPS, 5/g" TO /4" 

RE- TREATMENTS RE- TREATMENTS 

NOV. 1929 NOV. 1929 
“7 0.33GAL. 85-100 CUTBACK ; 33LB. STONE 10'4° ee a 

eS JUNE 1931 0.68GAL.85-100 CUTBACK; 52 LB. STONES/a"TOJ6" 
NOV. 1931 0.37 GAL. 60-70 CUTBACK; 30LB. STONE, %4"T0 %4" 0.35 GAL. 85-100 CUTBACK; 32LB. STONE, 70/4 (ALSQ ON) ae 

DEC. 193! DEC. 1931 
BASE AND OLD MAT REMIXED; PRIMED WITH 0.35 GAL. TAR; 

sa a SEPT.1932 | surFACE TREATED WITH 0.53GAL. 85-100 CUTBACK; 67LB. STONE, 3/'T0 4" 
SEPT. 1933 SEPT. 1933 

0.45 GAL. 60-70 CUTBACK; 40LB. STONE, /2"TO //," SEPT. 1935 0.47 GAL. 85-100 CUTBACK; 40LB. STONE,/2" TO '/," 

OCT. 1936 OCT. 1936 | 0.58GAL. 85-100 CUTBACK; 25LB. STONE, %"T0 /4" 

EXPERIMENT 2-SECTION A EXPERIMENT 2-SECTION B 
J STA. 24+50 CONSTRUCTION 39+60 STA.39+60 CONSTRUCTION 52+00 

BASE MARL, PRIMED WITH 0.31 GAL. 8 TO 13 VISCOSITY TAR BASE MARL, PRIMED WITH 0.29GAL.8T013 VISCOSITY TAR 

RE-TREATMENTS 

NOV. 1929 

MIXED MAT 2.0 INCHES USING 0.69 GAL. 85-100 CUTBACK; I8OLB. STONE,1/4'T0/4" MIXED MAT | 2.0INCHES USING 0.89GAL.25T035 VISCOSITY TAR; I75LB.STONE,|/,"T0 /,” 

SURFACE : To Yj," SURFACE ; 5 "+ Y," TREATMENT 0.30 GAL. 85-100 CUTBACK; I8LB. STONE CHIPS , 94"T0 /4 TREATMENT 0.23 GAL. 25T035 VISCOSITY TAR;ISLB.STONE CHIPS, 78"TO /4 

RE- TREATMENTS 

NOV. 1929 

JUNE 193) 

0.30 GAL. 85-100 CUTBACK ; 30LB. STONE, 34"TO /," NOV. 193] 

JUNE 193] 0.34 GAL. 25-35 TAR 
33LB. STONE, 78"T0 a" 

NOV. 1931 

SEPT. 1935 0.46 GAL. 85-100 CUTBACK; 40LB.STONE,/2"TO /," 

OCT. 1936 

4-DEDUCT 36 FEET 
FOR RR. CROSSING 

STA.52+00 
BASE 

0.60 GAL. 85-100 CUTBACK ; 25 LB. STONE, %'TO Yi"; 25LB. SAND 

EXPERIMENT 2-SECTION C 
CONSTRUCTION 

MARL, PRIMED WITH 0.28GAL.8T013 VISCOSITY TAR 
2.3 INCHES USING 37LB. SCREENINGS ‘TO DUST; 165LB. STONE} 4" TOY": 

0.44 GAL. EMULSION; 8LB. STONE CHIPS, 5/g"TO V4," 
0.83GAL.EMULSION; 7LB. STONE CHIPS, i "TO Yn" 

0.23 GAL.EMULSION; 15LB. STONE CHIPS, ¥g" TO 4" 

RE-TREATMENTS 
NOV. 1929 REMIXED WITH 0.8! GAL. EMULSION; SEALED WITH 0.45 GAL. EMULSION 

: = AND 35 LB.STONE,%"TO0 Ye" 

66+ 00 

PENETRATION 
MAT 

SURFACE TREATMENT 

DEC. 1931 DEC. 193] 0.37 GAL. 25-35 TAR; 32LB. STONE, %4"T0 /4," 

SEPT. 1932 i BASE AND OLD MAT REMIXED; PRIMED WITH 0.23 GAL. TAR SEPT. 1932 BASE AND OLD MAT REMIXED; PRIMED WITH 0.29 GAL.TAR; 
: SURFACE TREATED WITH 0.67 GAL. 85-100 CUTBACK; 61 LB. STONE3/4'T0/i,." : SURFACE TREATED WITH 0.66 GAL. 85-100 CUTBACK; 74LB.STONE3%4 70/4" 

SEPT. 1933 SEPT.1933 

SEPT I935 0.44 GAL, 25-35 VISCOSITY TAR; 

OCT. 1936 —— 0.60 GAL. 25-35 VISCOSITY TAR ; 

EXPERIMENT 3 
CONSTRUCTION 

MARL, PRIMED WITH 0.30 GAL. 8 TO13 VISCOSITY TAR 
I.BINCHES USING 1.19 GAL. 85-100 CUTBACK; 162LB.STONE, 34,"TO 'Y,"; 

38 LB. SCREENINGS, V4" TO DUST. 

NONE 

4OLB. STONE, "TO V4" 

25LB. STONE, %'TO /,;25LB. SAND 

STA.79+20 
BASE 

92 +40 

MIXED MAT 

SURFACE 
TREATMENT. 

RE- TREATMENTS 

OV. 1929 N 9 

; 0.45 GAL.EMULSION; 
JUNE i931 135.8. STONE, %0"TO!4" 

0.80 GAL. EMULSION ; 

JUNE 1931 

NOV. 1931 

DEC. 1935) 

16 LB. STONE4"T0 %4," 
ele Ue AND 19 LB. STONE, 34" TO V4" * / 

0.70 GAL. EMULSION ; OLB. STONE,I/,"T0 /," 
RECONe 7) AND ISLBUSTONE Gaerovin” vo 
SEPT. 1932 _ | BASE AND OLD MAT REMIXED NEW MAT 1.93 GAL. EMULSION; SEPT. IS 2 

PRIMED WITH 0.75 GAL.TAR 138 LB. STONE 3/4" T0Y%4" 

0.62 GAL. EMULSION AND 53LB. STONE,%4"T0 /4" SEPT... 1933 

SEPT. 1935 0.43 GAL. EMULSION AND 31 LB. STONE, '4"T0 4 

EXPERIMENT -4 
STA. 92+40 CONSTRUCTION 105+ 84 

BASE MARL, PRIMED WITH 0.26GAL.8 TO 13 VISCOSITY TAR 

MIXED MAT | 1.8 INCHES USING 0.72GAL.85-100 CUTBACK; I57LB. STONE ,7/,"T0 4" 
— 

SURFACE TREATMENT 0.22 GAL. 85-100 CUTBACK; I5LB. STONE CHIPS, %" To /," 

RE-TREATMENTS 

NOV. 1929 

JUNE 1931 

0.39 GAL.85-100 CUTBACK ; 31LB. STONE, %"TO 1" 

DEC. 1931 

SEPT. 1933 

SEPT. 1935 

OCT. S956 0.58GAL. 85-100 CUTBACK; 25LB. STONE "TO V,,"' 25LB. SAND 

EXPERIMENT 5 
STA .66 +00 CONSTRUCTION 79 + 20 

MARL, PRIMED WITH 0.33GAL.8T013 VISCOSITY TAR 

TE 

mis 

MIXED MAT 

SURFACE 
TREATMENT 

NONE 

0.44 GAL. 85-100 CUTBACK ; 

RE- TREATMENTS 

Nov. 1929 O36GAL.85-1OOCUTBACK;ISLB.STONE,TO4| 

JUNE 1931 
0.29 GAL. 85-100 CUTBACK, 

21LB. STONE,34"T0 al 

50LB, STONE,|4"T0 /," 

NOV. 193] 

DEC. 1931 

SEPT. 1932 

SEPT. 1933 

SEPT. 1935 0.45 GAL. 85-100 CUTBACK; 40LB. STONE,'’2"T0 /4" 

FicuRE 1,—CHARACTER OF CONSTRUCTION AND RE-TREATMENTS APPLIED TO EXPERIMENTS 1 TO 5, INCLUSIVE. 

SEPTango ce 

SEPT. 1933 0.46 GAL. 85-100 CUTBACK; 
39 LB. STONE,Y2"TO %," 

0.56 GAL.85-100 CUTBACK; 

SEPT.1935 

OCT. 1936. 25LB. STONE,%4"T0 /"; 25LB.SAND 

QUANTITIES SHOWN 
ARE AMOUNTS PER SQUARE YARD OF SURFACE AREA. 



April 1939 PER Ll CAR ADS 25 

EXPERIMENT 6- SECTION A 
STA.105+84 CONSTRUCTION 119+ 99 

BASE SAND-CLAY, PRIMED WITH 0,33 GAL. 8 TO IZ VISCOSITY TAR 

EXPERIMENT 6 -SECTION B 
CONSTRUCTION 

SAND~CLAY, PRIMED WITH .0.39 GAL.8 TO 13 VISCOSITY TAR 

STA. 119+99 132 +00 

BASE 

2.0 INCHES USING 1.0 GAL. 60-70 CUTBACK ; 171 LB. STONE,I 4” TO '%4"; 
pila ea 40 LB. SCREENINGS, 4” TO DUST 2.0 INCHES USING 1.09 GAL. 85-100 CUTBACK;I70LB. STONE,1 4" TO %s 

ee eal 42 LB. SCREENINGS, 44" TO DUST 
SURFACE TREATMENT 0.34 GAL. 85-100 CUTBACK; 15 LB. STONE CHIPS, 5/g”TO 4” 

RE-TREATMENTS 

SURFACE TREATMENT 0.23 GAL. 85-100 CUTBACK; I5LB. STONE CHIPS, ¥”To 4,” 

RE-TREATMENTS 
NOV. 1929 NOV. 1929 

JUNE 1931 JUNE 1931 

NOV. 1931 NOV. 0.41 GAL. 85-100 CUTBACK; 21 LB. STONE, %4"TO %,” 1931 

DEC. 1931 DEC. 1931 

SEPT. 1932 

SEPT. 1933 0.42 GAL. 60-70 CUTBACK; 40LB. STONE, 5g”TO 7,” 

SEPT 1935 

SEPT. 1932 

SEPT. 1933 

SEPT: 1955 

OCT. 1936 

EXPERIMENT 7-SECTION A 
STA.132 +00 CONSTRUCTION 144+20 

BASE SAND-CLAY, PRIMED WITH 0.29 GAL. 8 TO 13 VISCOSITY TAR 

OCT. 1936 

EXPERIMENT 7- SECTION B 
STA.199 +70 CONSTRUCTION 212+90 

BASE SAND-CLAY, PRIMED WITH 0.25 GAL. 8 TO 13 VISCOSITY TAR 

MIXED MAT 2.0 INCHES USING 0.77 GAL. 85-100 CUTBACK; 178 LB. STONE, 1%" TO %4” 2.0 INCHES USING 077 GAL.25T0 35 VISCOSITY TAR; 169 LB.STONE,1%,TO Yi, MIXED MAT 

SURFACE P i Gye | 0.27 GAL. 85-100 CUTBACK; 18 LB. STONE CHIPS, ¥g” TO % 

RE-TREATMENTS 

NOV. 1929 

SURFACE 
TREATMENT. 

REMIXED WITH 0.30 GAL. 0.42 GAL. 25 TO35 VISCOSITY TAR; 
25 TO 35 VISCOSITY TAR I5LB. STONE CHIPS, 5/a”T0 Vy" 

RE- TREATMENTS 
0.23 GAL. 25 TO35 VISCOSITY TAR; 
15 LB. STONE CHIPS, 5/8” TO 4” NOV. 1929 

JUNE 1931 

NOV. 1931 0.35 GAL. 85-100 CUTBACK; 35LB. STONE, 4%” TO V4,” 

DEC. 193) 

SEPT. 1932 

JUNE 1931 

NOV. 193] 

DEC. 193) 

SEPT. 1932 

SEPT. 1933 

SEPT. 1935 

SEPEN933 

SEPT: 1935 

OG, 1936 

Eee RIMEN Ime. SEChION.C 
CONSTRUCTION 

SAND-CLAY, PRIMED WITH 0.34 GAL. 8 TO 13 VISCOSITY TAR 
158+ 40 STA. 144420 

BASE 

OCT. 1936 0.60 GAL.25 TO 35 VISCOSITY TAR ; 25 LB. STONE, 104%, 25 LB. SAND 

EXPERIMENT 8 
STA.212+90 CONSTRUCTION 

BASE SAND-CLAY, PRIMED WITH 0.26 GAL. 8 TO IS VISCOSITY TAR 

226+ 10 

PENETRATION 23 INCHES USING II] GAL.EMULSION; 30LB. SCREENINGS, '/4"TO DUST; 1.8 INCHES Saae GAL. 85-100 CUTBACK 3 154LB. STONE, 34,” TO 4"; MIXED MAT 

RE-TREATMENTS 

NOV. 1929 

MAT 165LB. STONE, 14" TO 4" 8 LB. SCREENINGS, '%4“TO DUST 

SURFACE x 5) tam SURFACE TREATMENT 0.25 GAL. EMULSION; I5LB. STONE CHIPS, % TO 4 TREATMENT NONE 

RE- TREATMENTS 

NOV. 1929 

NOV. 1931 0.63 GAL. EMULSION; 37 LB. STONE, ¥%," To %,” 

JUNE 1931 

NOV. 1931 

DEG. 193] 

SEPT. 19352 

SEPT: 19353 

SEPT. 1932 

SEPT. 1933 

SEPT. 1935 

OCT. 1936 0.89 GAL. EMULSION ; 40LB. STONE, ¥g”T0%, 3 27 LB. SAND 

EXPERIMENT 9 
CONSTRUCTION 

SAND-CLAY, PRIMED WITH 0.27 GAL. 8 TO I3 VISCOSITY TAR 

STA. 226+10 238+80 

BASE 

SEPT, 1935 

OCT. 1936 

I EXPERIMENT lO 
sTA.158+40 CONSTRUCTION 

BASE SAND-CLAY, PRIMED WITH 0.29 GAL.8 TOIS VISCOSITY TAR 

199+ 70 

MIXED MAT 1.8 INCHES USING 0.77GAL. 85-100 CUTBACK; 152 LB. STONE, 34’T0 4,” MIXED MAT NONE 

0.29 GAL. 85-100 CUTBACK; 14LB.STONE CHIPS, %”TO %4” 

RE-TREATMENTS 

SURFACE 
TREATMENT 

NOV. 1929 

SURFACE F ar ene TREATMENT 0.46 GAL. 85-100 CUTBACK; 52LB.STONE,I% TO % 

RE-TREATMENTS 
"0.32 GAL. 85-100 CUTBACK ; APPROXIMATELY 25LB. LOOSE 

SURFACE STONE AND 10 TO 13 LB. STONE,” TO %” 
NOV. 1929 

JUNE 1931 JUNE 1931 

NOV. 1931 NOV. [93] 0.50 GAL. 85-100 CUTBACK; 46LB. STONE, %"To %,” 

DEC. 1931 DEC. 193] 

SEPTENOS2 SEPT: 1932 

SEPT. 1933, SEPT) 1933 

SEPT. 1935 SEPT. 1935 

Figure 2.—CHARACTER OF CONSTRUCTION AND RE-TREATMENTS APPLIED TO EXPERIMENTS 6 TO 10, INCLUSIVE. 

OCT. 1936 

!j-DEDUCT 170 FEET FOR STATION EQUATION 

QUANTITIES 
SHOWN ARE AMOUNTS PER SQUARE YARD OF SURFACE ARBA. 
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TABLE 7.—Average traffic on the experimental road, between 
7 Ge. On). IM 

Recording station 

No. 1! No. 22 

Uponicompletion of projectses-sese=- eo e e eeeee 
1930: (avierage'of 9 counts) 2228 eas ee Se ee es 474 276 
1981 (average of T2/counts) seston eee ee ee 537 325 
1932. (a Verage OlLl COUNTS) tone ee ne eee aan tee ones en eee ee 478 272 
1983'(average.Old 2 COUNTS) Loewe ate eee See eee ee eee 572 320 
1934 (Average Ol 12) COUnUS) ties oo ae eee a ee eee ee eee 751 444 
1935 (average of 12 counts) 22222 22225 o sas c ee hee ee eae ee 834 425 
1936 (average of 12 counts) ------- i hae eee i te PLAS AM eee 955 486 
1937.( first 6imonbis, 6 Counts) -2euessec ese ee ac eee eee ee eee = 898 480 

1 Between Moncks Corner business section and United States Highway No. 52 
(formerly No. 17). : : j 

2 Between Moncks Corner business section and Pinopolis. 

mentally! and as routine construction. Results ob- 
tained in the use of sand-clay as a road-building ma- 
terial varied considerably. Because of its uncertain 
behavior, there were differences of opinion regarding 
the properties that a sand-clay should possess to be 
satisfactory as a base material for bituminous surfaces. 
These opinions were usually based upon the engineer’s 
experience with the materials found in his particular 
locality. It was recognized that more definite infor- 
mation regarding the characteristics of sand-clay 
materials was essential if such a widespread and plenti- 
ful material were to be utilized to the greatest possible 
extent in building satisfactory low-cost roads. 

MARL AND SAND-CLAY OBTAINED FROM LOCAL DEPOSITS 

It was generally agreed that both the sand and the 
clay played important parts but it was not known 
what percentages of each would be most suitable or 
to what extent the characteristics of the component 
parts affected the behavior of the combination. While 
the methods of soil analysis now in general use had 
been developed at the time this experimental road was 
built, data sufficient for correlating laboratory tests 
with service behavior had not yet been obtained. 
Consequently, the only practical method for deter- 
mining the suitability of a given material was by a 
service test. The same situation existed with respect 
to the marl. 

The apparently successful results that had been 
obtained with limerock in base construction in Florida 
and Georgia led to the assumption that a somewhat 
similar material available in South Carolina might 
prove satisfactory. This material, known locally as 
marl, and used on 2 miles of the experimental road, was 
taken from a nearby deposit. Laboratory determina- 
tion of the properties, which at that time were deemed 
the most significant, showed it to have the following 
characteristics: 

Calcium carbonate, 84 to 87 percent. 
Silica, alumina, and iron oxides, 10 to 14% percent. 
Magnesium carbonate, 1.3 to 1.7 percent. 
Cementing values, 133 to 500 (plus). 

The marl, when taken from the pit, was grayish 
white and contained some moisture. While in this 
condition it could be readily broken down with disks, 
harrows, and blade graders into a fine-grained homo- 
geneous mass. It compacted uniformly without lami- 
nations, but developed small shrinkage cracks while 

1 Experimental Bituminous Treatment of Sandy-Soil Roads, by Paul F. Crit and H. L. Sligh. Pustic Roaps, vol. 17, No. 11, January 1937. g 

drying. When dry, the surface became white, hard, 
and had an objectionable glare in the sunlight. 

The marl base, which was 8 to 10 inches thick, was 
built by contract in the fall of 1928 and served as a 
wearing surface for traffic until August 1929. During 
this period its main disadvantages were its dazzling 
whiteness, a slight tendency to dust under steel-tired 
vehicles, and its tendency to soften in continued rainy 
weather. However, at the time the bituminous- 
treated surfaces were applied the base appeared to be 
in excellent condition. 

The sand clay used in the base on 2.48 miles of the 
experiment was taken from a local pit and, although 
the best available, was not considered a good quality 
material largely because of its lack of uniformity and 
of binder. The base was built 6 to 7 inches thick and 
was constructed by State forces shortly before the 
bituminous treated surfaces were applied. Consider- 
able work was done in manipulating the material on 
the road after each rain in an attempt to obtain con- 
solidation and some degree of uniformity. Some bond- 
ing and consolidation were obtained but, at the time 
the experimental sections were built, the base was in 
only fair condition. 

The bituminous surfaces were built by State forces 
during August, September, and October 1929. The 
three methods of construction used are indicated in 
figures 1 and2. The details of constructing the various 
sections of the experiment were reported in PuBLic 
Roaps in November 1931, but for convenience are 
briefly stated in this report, the main purpose of which 
is to present the data and information that have been 
accumulated from the time of construction to June 30, 
1937, together with such discussions as appear 
warranted. 

MARL BASE BLADED AND PRIMED BEFORE CONSTRUCTING 

SURFACES 

In maintaining the sections since their construction 
an effort has been made to keep them in a uniformly 
satisfactory condition at all times. Maintenance has 
consisted of patching as needed and the application of 
re-treatments on sections in whole or in part as required. 
In applying the re-treatments, the same types of bitu- 
minous material were used that had been used in the 
original construction. The aggregate was one-size 
granite that varied slightly in maximum size as shown 
in figures 1 and 2. 

Prior to applying the tar prime, the marl base was 
brought to a uniform cross section by blading after 
sprinkling with water. The tar prime was then applied 
and allowed to penetrate and dry before the bituminous 
treated surfaces were constructed. During this drying 
period it was observed that the tar penetrated readily 
and the base hardened in areas unshaded from the sun 
but that where the surface was shaded, the rate and 
extent of penetration were less and the surface hardened 
more slowly. 

Experiment 1, section A, stations 0+00 to 18+28.— 
The method of construction and the amounts of material 
per square yard used on this section were as follows: 

Prime: 0.27 gallon of tar. 
Mix: 1.8 inches thick when compacted; 154 

pounds of 1- to 4-inch crushed stone, 38 pounds 
of \% inch to dust, and 0.91 gallon of 60-70 
cut-back. 

Seal: 0.42 gallon of the same bituminous material 
and 30 pounds of %- to -inch stone chips. 
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It was expected that the combined fine and coarse 
ageregate would produce a dense mat that would not 
require a seal. However, the resulting mat had a 
coarse texture and an open surface. During a month 
under traffic, some raveling occurred, and it was 
deemed advisable to seal the surface. 

Prior to applying the seal on this section, as well as 
on several others where the mat was very open, the 
surface was choked with %- to \-inch stone and sub- 
jected to traffic for 2 days before the bituminous mate- 
rial and cover materials were applied. 

Considering the amount of traffic carried, this section 
has been one of the most satisfactory of those having a 
marl base. During most of its life the section appeared 
lean, dry, and somewhat porous. The small amount of 
raveling that occurred was confined mostly to the edges. 
Cracking of the mat was characteristic of the section, 
and most of the maintenance required was to seal these 
cracks. Little trouble that could be attributed to 
unsatisfactory base conditions was experienced. Test 
holes dug through the mat and base in 1934 showed the 
marl base to be dry, and the mat to be well bound by 
bitumen below the surface, although on the surface it 
appeared dry and lean. French drains, installed 
shortly after contructing the experiment, and deep side 
ditches apparently furnished adequate drainage. 

Only two re-treatments were applied to this section, 
one in 1931 and one in 1935. Both were applied pri- 
marily to eliminate the dry, lean appearance of the 
surface, to seal cracks, and to eliminate the nonuni- 
formity gradually resulting from the placing of num- 
erous skin patches used in sealing the cracks. 
When inspected in October 1936, the section was in 

very good condition. The edges were unbroken and 
showed no considerable tendency to ravel although they 
were not well supported by shoulder material. The 
surface had a rather mottled appearance but it was 
smooth, very dense, and had a nonskid, coarse-grained 
texture as shown in figure 3-A. The general appear- 
ance of the section at the time of inspection is illustrated 
by figure 3—B, a view taken near the west end of the 
section. 

The cost of constructing this section was 66.12 cents 
per square yard and the average annual cost of main- 
taining the surface, including base repair and the two 
re-treatments, has been 3.32 cents per square yard. 

Experiment 1, section B, stations 13-+-28 to 24+-50.— 
The method of construction and the amounts of mate- 
rial per square yard used on this section were as follows: 

Prime: 0.27 gallon of tar. 
Mix: 1.8 inches thick when compacted; 156 

pounds of 1%- to \-inch crushed stone, 37 
pounds of % inch to dust, and 1.03 gallons of 
85-100 cut-back. 

Seal: 0.29 gallon of the same bituminous material 
was applied and covered with 15 pounds of 
%- to 4-inch stone chips. 

This was the first section constructed and was neces- 
sarily quite experimental in character as the original 
plan of operations did not specify many of the details 
of construction. 

UNSATISFACTORY BEHAVIOR ATTRIBUTED TO POOR DRAINAGE 

To prevent segregation of the aggregate, the coarse 
material was first spread and given an application of 
bituminous material. The finer material was then 
spread and the remainder of the bituminous material 
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applied. Mixing was begun immediately with a four- 
way drag, somewhat lighter and smaller than those 
commonly used at the present time. The results ob- 
tained were unsatisfactory, so blade graders were sub- 
stituted and no further difficulty was experienced. No 
segregation occurred that could be attributed to the 
grading of the aggregate. 

Mixing on this section did not proceed rapidly and 
the partly mixed materials laid in a windrow over 
Sunday. During this interval some stiffening of the 
cut-back asphalt occurred with the result that some 
segregation took place during spreading of the mixture 
so that the center 7 or 8 feet presented a more open 
appearance than the remainder of the section. As with 
section A of this experiment, it had not been expected 
that this section would require a seal. However, after 
about 3 weeks under traffic, the larger stone began to 
ravel in numerous places and a seal coat was applied. 

Figure 3.—APPEARANCE OF EXPERIMENT 1A IN OcTOBER 1936. 
A, CLosz-Up View SHowi1na Non-Sxip Surrace TEXTURE; 
B, GENERAL APPEARANCE OF SecTION. Notse Even Epass, 
DrspitE Lack or PROTECTION BY SHOULDERS. 

Although nearly identical with experiment 1A in 
construction and in composition, except for the pene- 
tration of the base asphalt in the cut-back, section B 
was decidedly less satisfactory in service. In addition 
to the routine maintenance required to seal cracks and 
to prevent raveling, considerable maintenance was 
required near the west end where very unfavorable 
drainage conditions existed. At this location the right- 
of-way is little wider than the treated surface, with 
store buildings at the right-of-way line. Natural drain- 
age is poor and open drainage is not practical. French 
drains were installed but did not aid materially in 
lowering the water table. Attempts to stabilize the 
marl base by scarifying the base and surface mats and 
mixing them together, and also by adding coarse 
aggregate, were of only temporary benefit. 
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Figure 1 shows that the section, excepting the west 
portion, has received only two re-treatments, and the 
west portion has been re-treated four times and vir- 
tually reconstructed twice. When inspected in October 
1936, the section, with the exception of the west 200 
feet, closely resembled section A in appearance and 
condition. The west 200 feet were badly cracked as a 
result of the moisture conditions already described. 
This part of the section was re-treated later in October. 
By March 1937, cracks had reappeared on this area and 
by July the west 50 feet were badly cracked and the 
marl base was exposed in places. 

The cost of constructing section B was 72.58 cents 
per square yard and the average annual cost of main- 
tenance including base modification and re-treatments 
has been 5.46 cents per square yard. 

Experiment 2, section A, stations 24+50 to 39+602— 
The method of construction and the amounts of material 
per square yard used on this section were as follows: 

Prime: 0.31 gallon of tar. 
Mix: 2 inches thick when compacted; 180 pounds 

of 1%- to -inch stone and 0.69 gallon of 85-100 
cut-back. 

Seal: An average of 0.30 gallon of the same bitu- 
minous material was applied and covered with 
an average of 18 pounds of %- to \-inch stone 
chips. This section was sealed in two separate 
portions. 

MOISTURE PENETRATED BITUMINOUS MAT DESPITE SEAL COAT 

It was expected that the coarse-graded aggregate used 
in this section would produce an open mat and that a 
seal would be necessary. The seal was applied after 
the mat had been subjected to traffic for 3 weeks. On 
the east half of the section the seal was constructed by 
first applying the bituminous material and then spread- 
ing the cover stone. On the west half, a part of the 
stone was spread first and keyed into the surface by 
traffic, after which the seal was completed as on the 
east half. 

This section extends through the business portion of 
Moncks Corner for a distance of approximately 1,000 
feet and consequently is subjected to more severe usage 
than any other section of the experimental road. 

French drains were installed shortly after construc- 
tion of the surface and in the spring test holes were dug 
to determine the moisture conditions. It was observed 
that the marl base was damp near the top, but was dry 
lower down, indicating that the moisture had percolated 
through the surface in spite of the seal coat. 

Maintenance the first 2 years consisted mainly of 
skin patching to seal cracks and to prevent raveling 
resulting from surface wear, but by the fall of 1931 the 
entire section had cracked so badly as to warrant a 
re-treatment which was applied in November. This 
re-treatment apparently left the section in good 
condition. 

Later, however, a 100-foot section near the west end 
began to fail. The base became soft and spongy in 
spite of the French drains that had been installed. 
The bituminous mat cracked badly and patches placed 
to seal the cracks and prevent disintegration of the mat 
repeatedly failed until it became necessary practically 
to reconstruct this area. In August 1932, the marl 
base and bituminous mat were scarified, mixed together, 

?The portion between stations 254-25 and 25+61 is occupied by railway tracks 
and was not a part of the experimental section. 

and relaid for compaction under traffic. In September 
this base was primed and a surface treatment applied. 

Following this repair only a moderate amount of 
routine maintenance was required, primarily to seal 
cracks that developed on the end and central portions 
and that became more pronounced following freezing 
and thawing weather in February 1934. By the fall 
of 1935 the entire section, excepting about 300 feet in 
the center, had been skin-patched and had recracked in 
so many areas that a re-treatment was needed to seal 
all cracks, enliven the mat, eliminate worn areas, and 
provide a uniform appearance. 

Figure 4.—SurFAce FaituRE ON Experiment 2A, PHoTo- 
GRAPHED IN OcTOBER 1936. 

The re-treatment was applied to the entire section in 
September 1935 but, after about 3 months, cracking 
again started and increased in amount and intensity so 
that another re-treatment was necessary. An inspec- 
tion of the section made in October 1936, prior to 
applying the re-treatment, showed the section to be in 
poor condition. It had a number of badly broken areas 
of which one in the center of the business section of 
town was the worst. The mat in this area was not 
merely cracked but pieces had separated from each 
other and from the base. Sand had been washed into 
the cracks so that each piece appeared to be resting on 
a sand cushion. Figure 4 is an illustration of an area 
in this condition. Samples were taken of the marl 
base and of the subgrade and their analyses are given 
in table 1 under laboratory Nos. 10133 and 10134, 
respectively. The subgrade material was wet and 
sticky when sampled. 

The portion of the section not cracked in the manner 
just described was in good condition. It had a smooth 
surface and appeared structurally sound. The re- 
treatment applied late in October was a heavy mixed- 
in-place seal. Prior to placing this treatment, 0.15 
gallon of 85-100 cut-back was applied to the mat 
surface as a tack coat and to coat the sand particles 
that filled some of the cracks. The mixed-in-place mat 
or drag seal was composed of 0.45 gallon of cut-back 
asphalt with 25 pounds of %- to -inch stone and 25 
pounds of sand per square yard. As a protective 
measure the treated portion of the roadway was 
widened 10 feet on each side through the business sec: 
tion of town (between stations 26-+-23 and 35+91). 
This treatment gave the section a smooth and uniform 
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appearance and very little maintenance had _ been 
required on it up to July 1937, the end of the period of 
observation reported here. 

The cost of constructing this section was 70.34 cents 
per square yard and the average annual cost of main- 
taining the surface has been 6.29 cents per piles yard. 

Experiment 2, section B, stations 39+ 00 to 52 _00- 
The method of construction znd the amounts of neal 
per square yard used on this section were as follows: 

Prime: 0.29 gallon of tar. 
Mix: 2 inches thick when compacted; 175 pounds 

of 1%- to 4-inch crushed stone and 0.89 gallon of 
25-35 viscosity tar. 

Seal: 0.23 gallon of the same bituminous material 
and 15 pounds of %- to }4-inch stone chips. 

The surface of the mat on this section, like that of 
experiment 2A, was porous and open. The mat, 
however, was well bonded and did not ravel during the 
2 months it was subjected to traffic before the seal coat 
was applied. 

CONSIDERABLE MAINTENANCE NEEDED TO SEAL CRACKS 

In the spring following construction, cracked areas 
appeared and were skin-patched after French drains 
were installed below the marl base. Test holes showed 
the bituminous mat to be rich in bitumen and to 
appear well sealed although water was observed below 
the mat and the marl base was damp at the top. By 
April 1930, the mat on the west 500 feet had become 
wet, spongy, and so badly cracked that it disintegrated 
in some areas and was removed and replaced with 
premixed material. On the remainder of this portion 
the cracks were sealed. With the advent of warm 
weather many of the cracks that had been observed 
elsewhere on the section earlier sealed themselves. 

The entire section was given its first re-treatment 
during 1931. The east 400 feet were re-treated in 
June to seal the exten e amount of cracks that had 
appeared in that are By fall, cracking became very 
pronounced on the acl of the section and, in 
addition, the mat on the west 200 feet began to dis- 
integrate as a result of the spongy condition of the marl 
base. Four French drains were installed and = dis- 
integrated areas totaling approximately 300 square 
feet, were replaced with premixed material. 

This work at first appeared to have eliminated an 
unsatisfactory condition so the section, excepting the 
east 400 feet, was re-treated in December. However, 
by the followi ing spring this area at the west end was 
again in an unsatisfactory condition. Cracks appeared 
thro ugh the patches placed to seal them. The marl 
base became spongy in spite of the four French 
drains placed during the previous fall. Only one of the 
four drains showed indications of functioning. Later 
in the summer a 60-foot section near the west end was 
scarified. The marl base and bituminous mat were 
mixed together, laid down as a new base and allowed 
to dry and compact under traffic. A new mat was 
placed on it in September. This reconstruction 
ee the instability and spongy subgrade condi- 

. tion. The east 400 feet, re-treated in June, had re- 
mained in good condition. 

Although cracks appeared throughout the section at 
times, many of them closed in warm weather and the 
remainder were sealed by skin-patching as they occurred. 
The placing of numerous patches had gradually pro- 
duced a nonuniform and unsightly mat, whose surface 
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was not very smooth. To eliminate such conditions 
and also to enliven the surface, the entire section was 
given a fairly heavy re-treatment in September 1935. 

Following this re-treatment the section apparently 
remained stable throughout except for small cracks 
that appeared. Many of these closed in warm weather 
but some of them had to be sealed. When inspected in 
October 1936, the section, with the exception of the 
east 200 feet, appeared to be in good condition. A 
few small cracked areas were observed as well as some 
surface roughness, especially near the west end. The 
rast 200 feet were badly cracked and this portion was 
given a heavy re-treatment on October 30. Following 
this re-treatment little maintenance was required other 
than that of sealing a few cracks and of spreading some 
additional cover stone on the east end where bleeding 
occurred in hot weather. 

The cost of constructing this section was 79.40 cents 
per square yard and the average annual cost of main- 
taiing the bituminous mat, including the base recon- 
struction and re-tre eatments, was 7.15 cents per square 
yard, 

Hepervment 2, section C, stations 52-+-00 to 664+-00.— 
The method of construction and the amounts of material 
per square yard used on this section were as follows: 

Prime: 0.28 gallon of tar. 
Penetration course: 2.3 inches thick when com- 

pacted; 165 pounds of 1\%- to \y-inch stone, 37 
pounds of \¥-inch to dust, and 1.27 gallons of 
sep halt emulsion. 

Seal: 0.23 gallon of the same bituminous material 
and 15 pounds of %- to 4-inch stone chips. 

It was planned pene to construct this section in 
the same manner as the two preceding sections but the 
producers of the emulsion objected and requested that 
a modified type of penetration construction be substi- 
tuted. The construction which is here described there- 
fore was done under their direction and with the ap- 
proval of their representatives. 

BASE FAILURE CAUSED HIGH MAINTENANCE COSTS 

The screenings, 4-inch to dust, were spread uniformly 
to a depth of % inch upon the primed marl base. The 
1%- to \-inch aggregate was then spread uniformly, 
sprinkled with water, and thoroughly rolled. Hmulsion 
was then applied at the rate of 0.44 gallon per square 
yard and a strip 1 foot wide along each edge was given 
an additional amount of emulsion. Water was applied 
immediately to wash the emulsion down into the 
screenings and the surface was again rolled thoroughly. 
The second rolling was presumed to seat the coarse 
stone in the mortar of emulsion and screenings which 
would be forced up and around it. However, this ex- 
pected action did not occur. Some of the water added 
to wash the emulsion down drained off at the edges, 
carrying an undetermined amount of emulsion w ith if: 
During the second rolling operation 8 pounds of %- to 
y-inch stone per square yard were scattered over the 
re and rolled into the surface voids. On the fol- 
lowing day 0.83 gallon of emulsion was apphed and 
about 7 pounds of %- to \-inch stone per square yard 
were spread after which the surface was thoroughly 
rolled. 

The seal was applied 1 week later, after the surface 
had been swept and loose or raveled areas bad been 
patched. The treatment consisted of an application of 
0.23 gallon of emulsion and 15 pounds of %- to %-inch 
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stone per square yard. Inspection showed that the 
first application of emulsion had not penetrated the 
cushion course at the bottom as expected, but, to a 
considerable extent, had been washed away by the 
water. 

As shown in figure 1 and by the cost data in table 
6, this section required a greater amount of maintenance 
than any other section and was the least satisfactory. 
The section lies partly in cut and partly on the highest 
fill on the experimental road. Trouble with moisture 
and failure of the marl base were experienced on this 
section almost from the start. First evidences of failure 
were surface cracks and sponginess in the base, es- 
pecially near the center of the section and toward the 
west end where the section lies on a fill. 

Surface patching was first done to seal cracks and 
prevent disintegration. By June 1931, however, these 
two areas were so badly cracked and disintegrated 
that the mat was scarified, remixed with additional 
emulsion, and relaid. A seal was then applied to 
these areas and also to the east 400 feet where 
surface cracking did not warrant remixing. In the 
following November, the entire section, excepting the 
east 400 feet, was given a re-treatment. One month 
later the area near the west end that had been remixed 
in June was given an additional re-treatment. 
By September 1932, the mat on a 260-foot section 

near the center had become so badly cracked and the 
base appeared so unstable that reconstruction was 
deemed necessary. The marl base and the bituminous 
mat were scarified, mixed together, and relaid as a new 
base, which was then primed and covered with a heavy 
surface treatment. ‘The area thus reconstructed in- 
cluded a portion of one of the areas whose mat had 
been remixed in 1931. In September 1933 the east 
400 feet of the section was given its second re-treatment 
and two years later the remainder of the section was 
again re-treated. The entire section was again re- 
treated in October 1936. 

Figure 1 shows that the entire section received three 
re-treatments in addition to the major surface and base 
repairs required on the central portion and on an area 
toward the west end. 

FAULTY CONSTRUCTION METHODS PARTLY RESPONSIBLE FOR 

FAILURE 

Prior to applying the re-treatment late in October of 
1936, an inspection showed the east one-third of the 
section to be in good condition and to appear struc- 
turally sound. Approximately 350 feet adjoining it on 
the west were badly cracked and the mat appeared 
unstable. At the location examined, the mat was 3 
inches thick but could be readily broken apart as it 
had little bond. Free water was observed in the 
bituminous mat and some of the aggregate had become 
uncoated. The area in question was on a slight grade 
where surface drainage was good and the location 
examined was but 5 feet down-grade from an inter- 
cepting lateral French drain. Samples of the marl 
base and of the subgrade were taken at this point and 
their analyses are given in table 1 under laboratory 
Nos. 10138 and 10139, respectively. The marl base 
was 7/5 inches thick and while dense in appearance, was 
somewhat moist at the bottom. The sand-clay sub- 
grade below the marl base was wet. 

A re-treatment was applied October 30 and 31, 1936, 
to the entire section but by the following July the mat 
had cracked badly in the center of the section and had 
begun to ravel. Instability of the marl base again 

developed near the west end where it had been recon- 
structed in 1931. It is anticipated that this section 
very shortly will have to be entirely reconstructed by 
replacing the base or by stabilizing it in such a manner 
as to reduce its plastic properties. 

The cost of constructing this section was 84.62 cents 
per square yard and the average annual maintenance 
cost was 13.40 cents per square yard. 

The high maintenance cost of this section can be 
attributed in large measure to the unsatisfactory char- 
acter of the marl base and the subgrade. Data shown 
in table 1 indicate that the base on this section possessed 
undesirable characteristics to a greater degree than any 
of the other marl base sections. The subgrade had the 
characteristics of soils of the A-2 plastic and A-4 very 
plastic groups and could be expected to be very unstable 
under unfavorable moisture conditions. 

The method of constructing the bituminous mat, 
although at the time deemed satisfactory by the pro- 
ducers of the emulsion, would not be used at the present 
time. It is believed that the use of water to wash the 
emulsion down into the sand cushion was a mistake 
that was partially responsible. for the excessive mainte- 
nance required, especially during the early life of this 
section. 

Experiment 8, stations 79-+ 20 to 92--40.—The method 
of construction and the amounts of material per square 
vard used on this section were as follows: 

Prime: 0.30 gallon of tar. 
Mix: 1.8 inches thick when compacted; 162 pounds 

of %- to ¥%-inch stone and 38 pounds of stone \- 
inch to dust with 1.19 gallons of 85-100 cut-back. 

Seal: None required. 

This section was constructed in the same manner as 
experiments 1A and 1B, except that the coarse aggre- 
gate used was % to 4 inch in size. Approximately the 
same percentage of fine aggregate was used with this 
aggregate as had been used with the larger size stone. 
The resulting mat was apparently dense and well closed 
so that a seal was not applied. 

EXPERIMENT 3 WAS BEST OF THOSE BUILT ON MARL BASE 

Figure 1 and table 6 show this experiment to have 
been the best and the most economical to maintain, of 
the sections constructed on the marl base. Prior to 
the re-treatment in 1936 the total accumulated mainte- 
nance cost had been only 3 cents per square yard. 
The mat on this section, while appearing dry most of 
the time, remained in excellent condition up to the 
spring of 1986. The surface stayed smooth and un- 
broken. The mat remained dense and hard. No 
raveling occurred although a few cracks appeared, 
some of which closed in warm weather and the re- 
mainder of which were sealed with bituminous material. 

In the spring of 1936, following a fairly severe winter, 
cracks in the surface appeared throughout the section. 
Skin-patching and sealing were not always effective in 
eliminating them. The section continued in this con- 
dition until October 1936, when it was given a re-treat- 
ment, the only one it received. 

Prior to applying the re-treatment a fairly close exami- 
nation was made of the section. It was noted that the 
mat was considerably cracked but that no raveling had 
occurred. The edges were in good condition and the 
surface was smooth. No base settlement was observed. 
Samples of the marl base and of the subgrade were taken 
from a cracked area near the center. At this location 
the bituminous mat was 2 inches thick and immedi- 
ately below the surface appeared lifeless and very wet 
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with some of the aggregate uncoated. The marl base 
was 7 inches thick and the core taken at this location 
was more moist at the bottom than at the top. The 
subgrade was sand-clay and it appeared more moist 
than the mar! base. 

The analyses of the marl base and of the sand-clay 
subgrade are given in table 1 under laboratory Nos. 
10135 and 10136. Another area, approximately 300 feet 
west of the center, was also examined. There the bitu- 
minous mat was 2 inches thick, free from cracks, and 
was live and sticky. The marl base was 10 inches thick 
and appeared less dense than the base at the location 
previously examined. The subgrade was sand-clay that 
apparently contained little clay. The analysis of the 
marl base material at this location is given in table 1 
under laboratory No. 10137. 

The re-treatment applied the last of October 1936 
was rather heavy, consisting of 0.58 gallon of 85-100 
cut-back with 25 pounds of %- to \-inch stone and 25 
pounds of sand per square yard. Following this re- 
treatment, no maintenance was required and at the 
close of the observation period (July 1937) the section 
had a good appearance and seemed to be in excellent 
condition. 

The cost of constructing this section was 61.07 cents 
per square yard and average annual cost of maintaining 
the bituminous surface was 2.24 cents per square yard. 

Expervrment 4, stations 92+40 to 105+84—The 
method of construction and the amounts of material 
per square yard used on this section were as follows: 

Prime: 0.26 gallon of tar. 
Mix: 1.8 inches thick when compacted; 157 pounds 

of %- to %-inch stone, and 0.72 gallon of 85-100 
cut-back. 

Seal: An average of 0.22 gallon of the same bitu- 
minous material was applied and covered with 
15 pounds of %- to %-inch stone chips. 

DENSE SURFACE OBTAINED BY APPLYING SEAL COAT 

This section was similar to experiment 3 except that 
it contained no fine material. A dense surface was 
obtained by applying a seal coat instead of by mixing 
fine material in the mat. 

This section, with two areas excepted, has been fairly 
satisfactory. The areas referred to were the east 400 
feet and a small area near the center. Surface cracks 
appeared at times on all parts of the section but ravel- 
ing or pot-holing was confined mostly to the two areas 
mentioned. Sealing with bituminous materials and 
warm weather eliminated most of the cracks. On the 
east 400 feet a re-treatment became necessary by the 
fall of 1931 to seal the cracks, enrich the surface, and 
eliminate the nonuniform appearance resulting from 
the patching done to repair small pot-holed areas. 

Near the center, a small area became spongy and 
cracked badly when the marl base softened. On this 
area the bituminous mat was removed and the marl 
base was allowed to dry. A French drain was installed 
and a new mat of premixed material was placed. The 
re-treatment in 1931 and the base treatment just de- 
scribed constituted the major repairs required up to 
the early summer of 1934 when a spongy area of ap- 
proximately 4 square yards developed. The marl base 
and mat on this area were scarified, mixed together, 
and relaid. After this new base had become dry and 
compacted, a surface of premixed material was placed. 

Cracking continued in various amounts throughout 
the section as did a slight amount of pot-holing. Skin- 

patching and small premixed patches were generally 
satisfactory in preventing progressive failures but the 
numerous small patches reduced the smoothness of the 
surface considerably. To repair damaged areas and at 
the same time restore surface smoothness and uniform- 
ity, a re-treatment was applied to the entire section in 
September 1935. Except for the east 400 feet, this 
was the only re-treatment applied to this section dur- 
ing the period of observation. During the winter of 
1935-86 no maintenance was required on the section 
but by the following spring some cracks appeared and 
some pot-holing occurred near the center of the sec- 
tion. This area was successfully repaired by skin-patch- 
ing and by a small amount of patching with premixed 
material. One small area, however, repeatedly cracked 
where the marl base was spongy in spite of the French 
drain that had been installed. . 

Except for this small area, the section was in very 
good condition when inspected in October 1936. The 
surface was neither lean nor dry and it was smooth 
although somewhat mottled in appearance. The small 
unsatisfactory area in the center was badly cracked 
despite the numerous patches that had been placed. 
It was apparent that replacement of the marl base or 
stabilization by some suitable method would be neces- 
sary permanently to correct the unsatisfactory condi- 
tion. The general condition of the section at the 
close of the period of observation was good except for 
the small unsatisfactory area. 

The cost of constructing this section was 55.46 cents 
per square yard and the average annual cost of main- 
tenance was 3.06 cents per square yard. 

Hxeperiment 5, stations 66+00 to 79+20.—The 
method of construction and the amounts of material 
per square yard used on this section were as follows: 

Prime: 0.33 gallon of tar. 
0.44 gallon of 85-100 cut-back was applied and 

covered with 50 pounds of 1%- to ¥-inch crushed 
stone. 

BASE MOVEMENT ATTRIBUTED TO CONSOLIDATION 

Except for using a cut-back asphalt instead of the 
150-200 penetration, hot-application material ordi- 
narily used, this section was constructed by the surface- 
treatment method commonly used by the State at 
that time. Following the application of the cut-back 
asphalt, the 1%- to -inch cover stone was spread by 
hand from small stock piles previously placed at either 
side of the road. After the stone was spread and hand- 
broomed the surface was rolled. Traffic was not per- 
mitted on it for 24 hours, and during the first few days 
in service the stone displaced by traffic was respread 
and the surface was rolled intermittently. 

Some patching was required on the portion of the 
section between stations 66+00 and 73+40 shortly 
after construction and this area was re-treated in 
November 1929. ‘The treatment, which in reality was 
a seal, consisted of an application of 0.36 gallon of 
85-100 cut-back and 15 pounds of %- to \-inch stone. 

During the next 2 years maintenance consisted 
mostly of sealing cracks and patching broken areas on 
the west half that had not been sealed. A seal was 
applied to this portion of the section in November 
1931. 
The east half of the section required some main- 

tenance to seal the cracks that appeared at times. 
Sealing was generally effective for a considerable period 
but in a few instances cracks reappeared soon as a 



result of movement of the marl base. The base move- 
ment appeared to result from consolidation rather 
than from instability caused by detrimental amounts 
of moisture. In September 1933 cracking of the surface 
had become extensive on the east portion and it was 
re-treated. The west portion remained in good condi- 
tion and was not re-treated in 1933. 

The entire section required very little maintenance 
during the calendar years 1934 and 1935. The cracks 
that appeared either closed in warm weather or were 
sealed with bituminous material. A slight amount of 
raveling occurred along the edges at the west end and 
repairs were made by placing premixed material. 

In the early months of 1936 cracks appeared through- 
out the section and numerous patches were required to 
prevent raveling. It was apparent that a re-treatment 
would be needed shortly. When inspected in October, 
before the re-treatment was applied, the section was 
considerably cracked but was not raveling. The sur- 
face was somewhat rough and had the typically dry, 
lean appearance of a bituminous surface m need of a 
re-treatment. 

The mat and foundation were examined at station 
68, approximately 200 feet from the east end. At this 
location the bituminous mat was 1 to 1% inches thick 
and appeared to contain water. The tar prime had 
penetrated }5 to % inch into the marl base, which was 
644 inches thick at this point. Below the marl was a 
yellow sand subgrade. Directly below the bituminous 
mat at the point of examination free water was found 
at a depth of 11 to 12 inches from the road surface. 
On the adjacent shoulder, however, free water was 
found 29 inches below the surface. A sample of the 
marl base was taken at the location examined and its 
analysis is given in table 1 under laboratory No. 10140. 

The re-treatment applied to the entire section later 
in October consisted of 0.56 gallon of 85-100 cut-back 
with 25 pounds of %- to 4-inch stone and 25 pounds of 
sand. This heavy re-treatment apparently placed the 
section in very good condition. Cracking and raveling 
were eliminated and surface smoothness was restored. 
It did become necessary, however, to spread small 
amounts of stone on the surface to prevent picking up 
in warm weather. Except for this richness the section 
was In very good condition at the close of the obser- 
ration period, July 1937. 
The cost of constructing this section was 28.47 cents 

per square yard and the average annual cost of main- 
tenance was 5.13 cents per square yard. 

PLASTIC CHARACTER OF MARL BASE CAUSED SURFACE CRACKS 

In reviewing the service behavior of the sections on 
the marl base a number of facts appear to merit special 
comment. The most prevalent weakness displayed by 
the sections was their tendency to crack. The primary 
cause of cracking was the plastic character of the marl 
base and the fact that it was exceptionally difficult to 
drain even after numerous French drains had been 
installed. Leanness of the mixed mats and the lack of 
a tightly sealed surface on some of the sections per- 
mitted the entrance of moisture from the surface, 
thereby increasing the instability of the marl base. 

Cracking also occurred on sections where there ap- 
peared to be no movement that indicated a lack of base 
stability. Such cracking was attributed directly to the 
leanness and openness of the bituminous mat. 

All of the sections cracked considerably, but this 
characteristic was less pronounced on experiments 1A, 
1B, and 3, which contained fine aggregate, than on 
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experiments 2A, 2B, and 4, which did not contain such 
fine material but which were sealed in lieu of using fine 
aggregate in the mix. Raveling did not become es- 
pecially serious at any time, as prompt maintenance 
prevented such failures. 

Routine surface maintenance was generally effective, 
but where the defect lay in the base the only remedy 
was the removal of the base and replacement with 
satisfactory material. 

LITTLE MAINTENANCE REQUIRED ON EXPERIMENT 6A 

When the sand-clay base had been made as uniform 
and compact as possible under the conditions, a trian- 
gular trench was cut on each side to provide for a thick- 
ened edge for the mat. The trench was approximately 
1 foot wide, and 4 inches deep on the outside edge. It 
was cut with a blade machine and was somewhat irregu- 
lar in-shape. Priming was beneficial in helping to bond 
the surface but during the mixing process the surface 
crust was considerably disturbed by construction equip- 
ment. Some of it broke up and was brought into the 
mix by the blade machines. Much of it was removed 
by hand before the mixes were placed. Under such 
circumstances the surface condition of the sand-clay 
base would obviously be quite variable when the mixed 
mats were completed but it was impracticable to deter- 
mine the extent of such variation. 

Experiment 6, section A, stations 105 +-84 to 119+-99.— 
This section corresponds to experiment 1A. The 
method of construction and the amounts of material 
used per square yard were as follows: 

Prime: 0.33 gallon of tar. 
Mix: 2 inches thick when compacted; 171 pounds 

of 1%- to %-inch stone, 40 pounds of \% inch to 
dust, and 1 gallon of 60-70 cut-back. 

Seal: 0.34 gallon of 85-100 cut-bag¢k was applied 
and covered with 15 pounds of %- to 4-inch stone 
chips. 

The appearance and early behavior of the mat ob- 
tained with the above materials was very similar to 
that on experiment 1A, the corresponding section on 
the marl base. The surface was lean and open and 
raveled somewhat immediately after construction. A 
seal treatment, although not originally planned for this 
section, was applied 1 month after constructing the 
mixed mat. The bituminous material used in the seal 
was an 85- to 100-penetration cut-back asphalt instead 
of the 60- to 70-penetration material originally in- 
tended to be used. 

The fact that the maintenance cost of this section, 
exclusive of the cost of the 1933 re-treatment, totaled 
only 1.91 cents per square yard for the entire period of 
observation, best indicates the satisfactory service be- 
havior of this section. Only a slight amount of mainte- 
nance was required. Shortly after construction, a few 
small areas had to be built up with premix material to 
prevent water from collecting in low spots where the 
sand-clay base had settled slightly. A few cracks 
required sealing as did a few porous surface areas. 

In the fall and winter of 1932 and 1933 quite a num- 
ber of cracks appeared along the edges, especially on the 
low side of a curve. They were sealed by skin-patching 
but this was of only temporary benefit as the cracks 
reappeared shortly. By the fall of 1933 it was apparent 
that a re-treatment would be beneficial in enriching 
the surface to eliminate the characteristically lean ap- 
pearance that had gradually developed and to seal all 
cracks and leave the section in a uniform condition. 
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Figure 5.—GENERAL VIEW OF THE East PorTION oF EXPERIMENT 6A, Wuicu Is Typical OF THE ENTIRE SECTION. NovTEe THE 
Even Epcts anp UNiIrormM APPEARANCE. 

The re-treatment was applied in September 1933, and 
was the only one this section received. 
When inspected in October 1936, the section was in ex- 

cellent condition, probably better than any other section. 
The surface was smooth and free from cracked or 
raveled areas. The edges were in very good condition 
and there were no ruts or other surface inequalities. 
Practically no maintenance had been required since the 
1933 re-treatment and none was needed at the time of 
this inspection. Figure 5 shows a general view of the 
east end of the section and figure 6 shows the texture 
of the mat. The analysis of the section of the mat 
illustrated is given in table 8. 

The cost of constructing this section was 72.53 cents 
per square yard and the average annual cost of mainte- 
nance, including the re-treatment, was 1.82 cents per 
square yard. 

Experiment 6, section B, stations 119-+-99 to 132+00.— 
This section corresponds to experiment 1, section B. 
The method of construction and the amounts of mate- 
rial used per square yard were as follows: 

Prime: 0.39 gallon of tar. 
Mix: 2 inches thick when compacted; 170 pounds 

of 1%- to \%-inch crushed stone, 42 pounds of 
¥ inch to dust, and 1.09 gallons 85-100 cut-back. 

Seal: 0.23 gallon of the same bituminous material 
and 15 pounds of %- to -inch stone chips. 

Construction of the bituminous surface on this sec- 
tion was similar to that on experiment 1B, the corre- 
sponding section on the marl base. After the mixture 
had been spread but before it could be consolidated by 
rolling, a heavy rain fell that soaked the mix and the 
base. During the rolling process a number of spongy 
areas appeared where the sand -clay base had been 

Ficurr 6.—APPEARANCE OF A SAMPLE OF THE SURFACE OF 
EXPERIMENT 6A IN APRIL 1937. 

softened. These areas were removed and _ replaced 
with satisfactory materials. 

The seal coat was not applied until the section had 
been under traffic for 3 months. During this period 
no raveling occurred although the surface appeared 
Jean and open. 

MAINTENANCE REQUIRED BECAUSE OF BASE SETTLEMENT 

The service behavior of this section has been very 
good as may be inferred from its maintenance cost 
which, exclusive of the re-treatment applied in 1931, 
totaled only 5.61 cents per square yard for the period 
of observation. 
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Taste 8.—Analyses of samples of bituminous mats, taken 744 
years after construction 

Section Section 
6A (sta- | Section 8} Section 9] 10 (sta- 

tion (station | (station tion 
119+-76; | 2254-78; | 238-+-52; 199-+-44; 
614 feet | 4 feet left | 5 feet left 5 feet 
right of | of center-| of center-| right of 
center- line) line) center- 
line) line) 

Composition of mat: (1) () (2) (3) 
Bittimon 3.225226 = eae eee percent _- 5.6 3.6 3h 0 47 

Mechanical analysis: - 
Passing 114, retained 1 inch.---do_-__- 1590) 0: cee 2 Ae ee 3.4 
Passing 1, retained 34 inch_-__- Cove Lee es ree ae ee 6.7 
Passing 34, retained 44 inch___-do___- 14. 1 8N7 6.3 8.1 
Passing 14, retained 14 inch___-do____ 28.5 32.0 38.3 25.0 
Passing 4, retained No. 10__--do_-_- 20. 1 27.2 30.0 2525 
Passing No. 10, retained No. 40_do___- 11.6 18. 2 10. 1 10.4 
Passing No. 40, retained No. 80_do___- 6.2 re 3h 4.6 6.9 
Passing No. 80, retained No. 200 

oto ae 3.9 4.8 3.9 5.6 
Passing NiO. 200s oee ners coon do__.- Bus 3.4 Sal Pale 

Volatile portion of bitumen 4__-__-- doe .8 -0 .4 .3 
Tests on extracted bitumen recovered by 

the Dow method: 
Penetratlonati ta. s ose seat eee 32 30 29 27 
Softening polllt——--e-ssee—— === es 151 147 154 163 
Ductility ati Bee esse eee cm__ 14 15 8 5 
Organic matter insol. in 86° B. 
naphtitesces=—= ae ees aoe percent _- 32, 2 29. 4 32, 2 34.5 

i Represents original mat plus 1 re-treatment (1933). 
2 Represents original mat. 
3 Represents original mat plus 1 re-treatment (1931). 
4 Determined by the crank-case dilution method, A. 8. T. M, D322-35. 

Prior to November 1931, maintenance on this sec- 
tion consisted of sealing surface cracks and eliminating 
low areas by patching. All of this maintenance was 
required because of base settlement that might be more 
properly termed consolidation. 

The only re-treatment this section received was 
applied in November 1931, to eliminate the nonuniform 
appearance that gradually developed from the routine 
maintenance applied and to complete in one operation 
all necessary maintenance. After this re-treatment was 
applied, the bituminous surface required only a small 
amount of maintenance in 1932 and none thereafter. 
In October 1936, 5 years after the re-treatment had 
been applied, the mat appeared stable and in very good 
condition, although it was neither as smooth nor as 
uniform in appearance as experiment 6A. No cracks 
were observed nor had raveling occurred although in 
the traffic lanes the surface was somewhat open and 
ragged in appearance where some of the cover stone 
used in the 1931 re-treatment had been whipped from 
the surface shortly after the re-treatment was applied. 
At the close of the period of observation, June 30, 1937, 
the section was in very good condition. 
The cost of constructing this section was 72.10 cents 

per square yard and the average annual cost of mainte- 
nance, including the re-treatment, was 1.95 cents per 
square yard. 

Experiment 7, section A, stations 182-+00 to 144+ 20.— 
This section corresponds to experiment 2A. The 
method of construction and the amounts of material 
used per square yard were as follows: 

Prime: 0.29 gallon of tar. 
Mix: 2 inches thick when compacted; 178 pounds 

of 1- to 4-inch stone and 0.77 gallon of 85-100 
cut-back; mixed, shaped, and rolled. 

Seal: 0.27 gallon of the same bituminous material 
was applied and covered with 18 pounds of %- 
to ¥-inch stone chips. 

Rain fell on this section about the time that the 
mixing operation was completed and because of the 
openness of the mixture, readily penetrated to the 
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sand-clay base. Additional manipulation for drying 
purposes was not deemed advisable and the mixture 
was spread and rolled. After rolling, the surface 
appeared to be in good condition except for the mois- 
ture it contained. Traflic was not permitted on the 
surface until it had dried. ‘The seal was applied about 
1 week later after the surface had been choked with 
small stone under traffic. A few days after the section 
had been sealed the base was found to be dry and the 
surface apparently well sealed. 

The behavior of this section was similar to that of 
experiment 6B except that it required somewhat more 
maintenance. Base settlement necessitated patching 
to eliminate numerous small low areas. Cracks which 
appeared most extensively at the west end were sealed. 
To reduce the routine maintenance being required and to 
restore surface smoothness and uniformity, the section 
was given its first and only re-treatment in November 
1931. Inthe following 5% years, practically no mainten- 
ance was required except to patch and seal small areas 
where some of the cover stone used in the re-treatment 
had been whipped from the surface. When examined 
in October 1936, the section was in very good condition, 
The mat appeared stable and showed no evidence of 
impending failure. The surface was somewhat open 
in texture in spite of the seal and re-treatment it had 
received. On the east 50 feet, where equipment had 
turned during construction, the surface was rough. 

The cost of constructing this section was 62.86 cents 
per square yard and the average annual cost of mainte- 
nance, including re-treatment, was 2.62 cents per 
square yard. 

Experiment 7, section B, stations 199+70 to 212 
+90.—This section corresponds to experiment 2B. 
The method of construction and the amounts of mate- 
rial used per square yard were as follows: 

Prime: 0.25 gallon of tar. 
Mix: 2 inches thick when compacted; 169 pounds 

of 1%- to \-inch crushed stone and 0.77 gallon 
of 25-35 viscosity tar. 

Re-treatment: Stations 206-+50 to 212+90, seal 
coat applied, using 0.42 gallon of the same 
bituminous material and 15 pounds of %- to 
¥-inch stone chips. Station 199+ 70 to 206-+50, 
remixed with 0.30 gallon of the same bituminous 
material. Sealed with 0.23 gallon of same 
bituminous material and 15 pounds of %- to 
¥-inch stone chips. 

INSUFFICIENT TAR IN ORIGINAL MIXTURE MADE SEAL COAT 
NECESSARY 

This section was planned as a duplicate of experiment 
2B on the marl base and the method of constructing 
the mixed mat was the same. However, the amount 
of tar used was about 10 percent less. This difference 
was sufficient to affect seriously the richness of the 
mixture which, when spread and rolled, immediately 
began to ravel under traffic; whereas on experiment 
2B the mat was well bonded and did not ravel during 
the 2 months it was subjected to traffic before it was 
sealed. 

Because of the lateness of the season it was thought 
inadvisable to remix this section with additional tar 
and it was decided to compensate for this deficiency 
by placing a fairly heavy seal coat. Tar was applied 
at the rate of 0.42 gallon per square yard and covered 
with %- to ¥-inch stone chips. The supply of tar on 
hand was sufficient for sealing only the west 640 feet; 
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and by the time additional tar was received, 10 days 
later, the unsealed portion of the section had raveled 
so badly that remixing was considered necessary. 
Approximately 0.30 gallon of tar was added and the 
surface was remixed and relaid. Two months later a 
re-treatment, which was in effect a seal coat, was applied 
to this portion in order to close the surface and prevent 
moisture from entering. 

This section has been more expensive to maintain 
than any of the previously discussed sections on the 
sand-clay base. It has, however, continued in reason- 
ably good condition at all times. Because of leanness 
and gradually developing brittleness, raveling did 
occur on the section, mostly along the edges. Through- 
out the period of observation the surface was open and 
appeared rough but was not rough riding. Routine 
maintenance prevented the small amount of raveling 
from developing into pot holes of serious proportions 
and, while the section most of the time appeared to be 
in need of a re- -treatment, none was actually applied 
until October 1936. 

Just prior to applying the re-treatment the section 
was in fairly good condition. The mat was hard and 
brittle. Some raveling had occurred and was becoming 
more pronounced. Patching had been required on 
the west end, especially along the edges. Many 
parts of the section, however, were in very ‘good condi- 
tion. ‘The surface, while dry and coarse-textured, was 
well bonded. Figure 7 shows the condition of ‘such 
an area. It appeared that a re-treatment would be 
beneficial and one was applied late in October. Follow- 
ing this re-treatment little maintenance was required 
other than the spreading of small amounts of stone 
where the surface became somewhat soft in hot weather. 
At the end of the period of observation on June 30, 
1937, the section was in good condition and the surface 
had a smooth, rich appearance. 

The cost of constructing this section was 73.23 cents 
per square yard and the average annual cost of mainte- 
nance, including the re-treatment, was 3.47 cents per 
square yard. 

Hzperiment 7, section C, stations 1444-20 to 158+ 40.— 
This section corresponds to experiment 2C. The 
method of construction and the amounts of material 
used per square yard were as follows: 

Prime: 0.34 gallon of tar. 
Penetration course: 2.3 inches thick when com- 

pacted; 165 pounds of 1%- to \%-inch stone, 30 
pounds of ¥%-inch to dust and 1.11 gallons of 
asphalt emulsion. 

Seal: 0.25 gallon of the same bituminous material 
and 15 pounds of %- to ¥-inch stone chips. 

This section was constructed by the penetration 
method without mixing. Consequently the primed 
sand-clay base was not disturbed in any way by the 
construction of the mat. 

As on experiment 2C, where similar materials and 
methods of construction were used, a considerable 
amount of emulsion was carried away by the water 
used to wash it down into the fine stone cushion. The 
completed mat was rough and, during a 10-day period 
under traffic before sealing, it raveled considerably. 
Before the seal was applied raveled areas were repaired 
and depressions were filled with %-inch stone and emul- 
sion. When the section was completed it was found 
that here too, as on experiment 2C, the emulsion had 
not penetrated into the cushion course below the coarse 
aggregate. 

Fiaure 7.—Cuose-Up ae OF THE SURFACE OF WXPERIMEN'T 
7B. AwutHoucH Somm Portions RAVELED, OTHER Parts 
RETAINED A CLOSED, NON-SKID SURFACE. 

Some early maintenance was required on this section 
to eliminate a few low areas produced by base settle- 
ment. This settlement was probably consolidation 
rather than movement resulting from loss of stability. 
Near the west end, in the vicinity of a culvert, small 
areas repeatedly cracked and broke where the base was - 
somewhat spongy. French drains were installed and, 
when the base had dried, premixed patches were placed. 
This work constituted practically all of the mainten- 
ance that was made necessary by base weakness. 

HIGH MAINTENANCE COST ATTRIBUTED TO METHOD OF 

CONSTRUCTION 

To give the section a uniform appearance and to seal 
all cracks in a single operation, a re-treatment was ap- 
plied to the entire section in November 1931. During 
the application of the emulsion in this re-treatment, the 
distributor nozzles became clogged and failed to deliver 
the emulsion uniformly, leaving uncoated streaks 2 to 
4 inches wide and 10 to 50 feet long. Hand-pouring 
of emulsion on these areas did not provide a uniform 
cover and the amount of stone held by the treatment 
was consequently somewhat variable. The added 
emulsion benefitted the surface, however, and except 
for the loss of some cover stone the section remained 
in good condition. 

Little maintenance was required after the 1931 
re-treatment and consisted mainly in eliminating small 
pot holes resulting from the loss of stone used in the 
re-treatment. No further trouble was encountered 
with the base on the west end. Slight amounts of 
settlement on each side of the culvert made premixed 
patches necessary to maintain a reasonably smooth 
surface. 
By the fall of 1936, the section had developed a lean, 

dry appearance, and its nonuniformity made a re- 
treatment desirable. A heavy re-treatment was ap- 
plied to the entire section late in October 1936 and left 
the section in a uniformly good condition. In the 
summer following this re-treatment it became neces- 
sary to spread small amounts of stone to prevent the 
surface from picking up in hot weather, but no other 
maintenance was required. At the close of the period 
of observation the section was in’a uniformly good con- 
dition, the surface being smooth and free from irregu- 
larities. 
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The cost of constructing this section was 84.55 cents 

per square yard and the average annual cost of main- 

tenance, including the two re-treatments, was 5.70 

cents per square yard. The maintenance cost of ex- 

periment 7C was relatively high in comparison with 

that of the other sections built on the sand-clay base. 
Unlike section 2C, its counterpart on the marl base, 
this relatively high cost could not be attributed, to any 
ereat extent, to the character of the base material. 

The base on experiment 7C, at the time of construc- 
tion, appeared very similar to that of the adjoining 
experiments 7A and 10 whose bases were group A—2 
and A-3 materials. The high maintenance cost of 
experiment 7C is therefore believed to result primarily 
from the method of construction employed. It will be 
noted by reference to table 6 that the maintenance 
costs were relatively high up to the time of the 1931 
re-treatment and were substantially lower after that 
time. Apparently the heavy re-treatment compen- 
sated for the lack of bituminous material resulting 
from the loss incurred during construction. 

Experiment 8, stations 212490 to 226+10.—This sec- 
tion corresponds to experiment 3. The method of con- 
struction and the amounts of material used per square 
yard were as follows: 

Prime: 0.26 gallon of tar. 
Mix: 1.8 inches thick when compacted; 154 pounds 

of %- to 4-inch stone, 38 pounds \ inch to dust, 
and 1.25 gallons of 85-100 cut-back. 

Seal: None required. 

The sand-clay base on this section was very non- 
uniform, and under traffic compacted into strata that 
scaled considerably, especially along the edges. The 
base, when primed, had a very ragged appearance. 
During the mixing operation, rain fell on this section. 
The mixture was windrowed until the exposed base and 
the mixture bad dried. When mixing had been com- 
pleted and the mat partially rolled, local traffic rutted 
the surface so badly that the mat was loosened, re- 
mixed, and relaid. Although the mix had become 
somewhat stiff, because of loss of the volatile portion 
of the cut- back, no difficulty was encountered in ob- 
taining a well-compacted and well-closed mat. A seal 
was not considered necessary. 

EXPERIMENTS 8 AND 9 HAD LOW MAINTENANCE COSTS 

The fact that the total maintenance cost of this sec- 
tion for 7% years was only 1.26 cents per square yard, 
and that it is still in excellent condition, indicates the 
continued satisfactory service behavior. The portion 
of the road on which this section lies is flat and has 
poor drainage, but the base has remained stable at oll 
times. A few transverse cracks made their appearance 
after a time but no detrimental effects were observed. 
In the spring of 1934 an examination of the section 
showed the mat to be 1! inches thick and to be sufhi- 
ciently rich below the surface although the surface itself 
was dry and hard. The sand-clay base was dry and 
hard. 
When inspected in October 1936, the section was in 

excellent condition. 
showed no defects other than the presence of a few 
longitudinal and transverse cracks as previously men- 
tioned. No rav eling had oceurred along the cracks or 
on any other area of the section. Fi igure 8 illustrates 
the texture and condition of the surface and also shows 
a side view of the mat. The analysis of the mat at 
the location illustrated is given in table 8. No expend- 

The surface was smooth and | 

-~ 

Fiaqure 8.—APpPEARANCE OF A SAMPLE OF THE SURFACE OF 
EXPERIMENT 8. THE Cracks SHOWN WERE CAUSED BY 
HANDLING THE SAMPLE. 

iture for maintenance was made after 1932 and, at 
the close of the period of observation June 30, 1937, no 
maintenance was needed. 

The cost of constructing this section was 59.53 cents 
per square yard and the average annual cost of mainte- 
nance was 0.16 cent per square yard. 

Experiment 9, stations 226+-10 to 238-+-80.—This sec- 
tion corresponds with experiment 4. The method of 
construction and the amounts of material used per 
square yard were as follows: 

Prime: 0.27 gallon of tar. 
Mix: 1. 8 fee thick when compacted; 152 pounds 
of %- to \%-inch stone and 0.77 gallon 85-100 
cut- ee 

Seal: 0.29 gallon of the same bituminous material 
was applied and covered with 14 pounds of %- to 
y-ineh stone chips. 

One month preceding construction of the bituminous 
surface on this section, the sand-clay base was scarified 
and additional clay binder added. It was then remixed, 
relaid, and opened to traffic for compaction. When 
construction of the surface was started the base was in 
fair condition. 

The bituminous surface was the same as that on ex- 
periment 4. During the first 1% months under traffic 
and before the surface was sealed, considerable raveling 
occurred, resulting probably from the lack of bituminous 
binder and of sufficient fine aggregate to provide a well- 
eraded mixture. It had been anticipated that a seal 
coat would be required to obtain satisfactory surface 
density. 

The service behavior of this section, like that of ex 
periment 8, is best indicated by its low maintenance 
cost which, for the 73-year period, totaled only 2.92 
cents per square yard. No re-treatments were applied 
to the section. Shortly after construction and also in 
the fall of 1932, some base settlement or consolidation 
necessitated the placing of a few patches to maintain 
a smooth surface. A very limited amount of skin- 
patching was required to seal small cracks. No trans- 
verse cracks, such as were found on experiment 8, ap- 
peared on this section. The surface throughout most 
of the 7% years appeared hard and dry but it neither 
pot-holed nor raveled. Practically no maintenance 
was required during the last 5 years of the period 
covered by this study. 
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When inspected in October 1936, the section was in 
excellent condition and was very similar to experiment 
8 in appearance except that there were no transverse 
cracks. Near the edges there were light streaks 
caused apparently by the failure of the end nozzles of 
the distributor to deliver sufficient bituminous material 
to hold all of the cover stone used in the seal treatment. 
Aside from its appearance the surface has been very 
satisfactory. Figure 9 shows the texture and condition 
of the surface. The analysis of the mat shown in figure 
9 is given in table 8. 

The cost of constructing this section was 66.74 cents 
per square yard and the average annual cost of main- 
tenance was 0.38 cent per square yard. 

Experiment 10, stations 1584+-40 to 199+-70 (less 170 
feet) —This section corresponds to experiment 5. The 
method of construction and the amounts of material 
used per square yard were as follows: 

Prime: 0.29 gallon of tar. 
0.46 gallon of 85-100 cut-back and 52 pounds of 

of 14- to Y¥-inch crushed stone. 
Berea tent 0.32 gallon of the same bituminous 

material covered with the loose stone that had 
been whipped off by traffic, plus 13 pounds of 
%- to 4-inch crushed stone. 

SAND-CLAY BASE GAVE GOOD SUPPORT DESPITE APPARENT LACK 

OF DRAINAGE 

The sand-clay base on this section was very non- 
uniform and under traffic compacted in strata that 
separated when the base was swept prior to applying 
the prime. Some of the primed base flaked off and was 
removed and the untreated areas of base exposed were 
painted with cut-back. The cut-back and cover stone 
were then spread and the surface was rolled. During 
the rolling operation there was extensive failure of the 
sand- clay base. On many areas the upper portion of 
the base broke loose and worked up through the mat. 
Under traffic such areas quickly disintegrated and the 
surface was whipped off, leaving the base exposed. It 
was impractical to patch the numerous areas failing in 
this manner, but an immediate treatment was neces- 
sary. A treatment was applied consisting of an appli- 
cation of 0.32 gallon of 85-100 cut-back and a cover of 
approximately 38 pounds of stone, part of which was 
that swept from the surface before treatment and the 
remainder was new stone * to \ inch in size. 

Despite the difficulties encountered during construc- 
tion this section has been surprisingly satisfactory and 
economical. 

Since the bituminous surface was not constructed by 
the mixed-in-place method, it was expected that the 
irregular contour of the base would cause some surface 
unevenness. Such was the case and most of the main- 
tenance applied up to November 1931 consisted of 
patching thin areas, filling depressions, and strength- 
ening the edges. 

The re-treatment applied in November 1931 was 
practically the same as the original construction except 
that the cover stone was % to 4 inch in size. Following 
this re-treatment the “avert of maintenance required 
up to the close of the period of observation was prac- 
tically negligible. When inspected in October 1936, 
5 years after the re-treatment had been applied, the 
section was in excellent condition. The surface was 
smooth and dense. The edges were sound and no 
evidence of cracking, raveling, or other defects, was 
observed. Figure 10 shows the texture and surface 

FiguRE 9.—APPEARANCE OF A SAMPLE OF THE SURFACE OF 
EXPERIMENT 9. THE Cracks SHOWN WERE CAUSED BY 
HANDLING THE SAMPLE. 

FiguRE 10.—APPEARANCE OF A SAMPLE OF THE SURFACE OF 
EXPERIMENT 10. Tue Cracks SHOWN WERE CAUSED BY 
HANDLING THE SAMPLE. 

appearance of a typical area of the section. The analy- 
sis of the bituminous mat illustrated is given in table 8. 

The cost of constructing this section was 29.44 cents 
per square yard and the average annual cost of main- 
tenance, including the re-treatment, was 2.08 cents per 
square yard. 

In reviewing the service behavior of the sections on 
the sand- clay base, probably the most outstanding 
fact was the excellent behavior of the sand-clay base 
in spite of an apparent lack of drainage since at the time 
of construction the sand-clay material was believed to 
be of inferior quality. No trouble was experienced 
because of moisture reaching the base and there was no 
reason to believe that the surfaces were more water- 
proof than were their counterparts on the marl base. 
The small amount of cracking that occurred on the 
sand-clay sections appeared to be caused in practically 
all instances by base settlement and compaction rather 
than by softening and loss of supporting power. Re- 
peated maintenance of a given area was required only 
on experiment 7C, where the subgrade was unstable. 
Even at this location when the base was exposed and 
allowed to dry it acquired adequate stability and 
remained stable thereafter. 
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At the close of the period of observation, all of the 
sections were in good condition and gave every indica- 
tion of long continued good behavior. 

INFORMATION OBTAINED ALREADY PUT TO PRACTICAL USE 

As stated in the original construction report and ear- 
lier in this report, the purpose of this experiment was 
to obtain information on a number of subjects of con- 
siderable importance in low-cost bituminous road 
construction among which were: 

1. Information on the suitability of a local marl and 
a local sand-clay as base materials for bituminous 
surfaces. 

2. The comparative value of various types of liquid 
bituminous materials. 

3. The relative merits of variously graded aggregates. 
4. The comparison of bituminous wearing surfaces 

produced by different methods of construction. 
Since this experimental road was built, many hun- 

dreds of miles of bituminous surfaces have been built. 
All of the materials used in this road and most of the 
methods used are still employed in constructing bitumi- 
nous surfaces. The successful results that are being 
obtained at the present time are based upon experience 
gained on previous construction as well as on the more 
carefully controlled and observed experimental section 
such as herein decribed. 

Obviously the application of results obtained from 
experimental sections of this character must of necessity 
take place in advance of the time of publishing a report 
that covers a service behavior record for any extended 
period of time. For this reason most of the information 
developed by this experiment has already been put to 
practical use. However, the fact that the work has 
been closely observed and cost records carefully kept 
for 8 years and that it is still in service makes it of 
interest. 

Discussion must obviously be confined to the experi- 
mental sections and any conclusions drawn or assump- 
tions made would not necessarily be applicable to other 
sections that might, upon superficial examination, 
appear to be the same but which, in reality, might be 
widely different. 

The fact that one of the subjects upon which informa- 
tion was sought in this experiment was the use of marl 
and sand-clay as base materials indicated the realization 
of the importance of bases for flexible pavements. As 
previously mentioned, the varied degrees of success that 
had been obtained with sand-clay were almost as 
numerous as were the various possible combinations of 
it. Little knowledge of the characteristics that affected 
its road-building properties was available and the only 
method of determining its suitability was by the rela- 
tively costly method of constructing an experimental 
road. Marl was used because it was available locally 
and because of its successful use in neighboring States. 
At the time the bituminous wearing surfaces were con- 
structed the marl base appeared to be in excellent 
condition. Its surface was hard and smooth and ap- 
parently was not affected by occasional rains. Its 
behavior as an untreated surface gave no indication of 
the properties that were to result later in unsatisfactory 
behavior. 

The sand-clay base, on the other hand, appeared to 
be in only fair condition when the bituminous treat- 
ments were applied. In spite of the blading, mixing, 
and shaping that was done on numerous occasions, it 
appeared impossible to obtain a uniform, well-compacted 

base that would remain undisturbed by traffic until 
it was protected by the bituminous wearing surface. 
Here, too, the properties that were to affect its service 
behavior were not recognized, solely because of the 
fact that soil-study methods had not reached their 
present stage of development. Table 1, which gives the 
properties of the soil comprising the sand-clay, the 
marl, and the sub-base under the marl, shows that those 
properties of the sand-clay that made it rather difficult 
to place and compact were very desirable characteristics 
so far as concerns the influence of moisture upon it; and 
that instead of being an inferior base material it was, 
except for lack of uniformity, an excellent one generally 
and its service behavior could have been anticipated 
had its characteristics been better understood. 

MOISTURE BENEFITED SAND-CLAY BASES, HARMED MARL BASES 

It will be observed that the sand-clay as represented 
by 19 tests had the characteristics of soil groups A-1, 
A-2, and A-, and that in only one instance was it 
shown to have plastic properties sufficient to indicate 
possible unsatisfactory behavior in the presence of 
moisture. The marl, as represented by six tests, is 
shown to possess the characteristics of soils of the A-2 
plastic, A-4, and A-5 groups, and consequently was 
adversely affected by moisture. In addition, group 5 
soils possess undesirable elastic properties. 

During the periods in which the marl and the sand- 
clay served as wearing surfaces the marl was decidedly 
more satisfactory than the sand-clay, but after the 
bituminous surfaces had been placed and the moisture 
content had increased there was an immediate reversal 
of behavior. The sand-clay base was benefited by the 
increase in moisture while the marl was detrimentally 
affected. Further reference to the analysis of the 
material underlying the marl shows that this material, 
in four out of seven instances, could have been expected 
to serve more satisfactorily as base material than the 
marl itself and in only one instance, judged by its 
analysis, would it have been expected to be much less 
satisfactory. 

The better behavior of the bases of experiments 3 
and 4 might be expected to have resulted from the bet- 
ter sub-base under the mar! and the satisfactory behav- 
ior of the bases of experiments 1A and 1B might be 
expected to have resulted from the construction of the 
deep side ditches that apparently were of considerable 
benefit to the plastic and feebly plastic A—2 soil sub- 
base. The side drainage on the sand-clay base sections 
was not as ample as that on the marl base, and experi- 
ments 8 and 9 especially had practically no drainage. 
The characteristics of the soil composing the sand-clay 
indicated that drainage was not so vitally important 
and its service record substantiates the prediction that 
sous of this character would be stable even under rather 
unsatisfactory moisture conditions. It appears to have 
been definitely demonstrated by this experiment, there- 
fore, that local designations for soils or chemical analyses 
of them alone are of little value in anticipating probable 
service behavior. The present method of determining 
the grading and physical properties of soils seems, in 
general, to provide the most reliable information thus 
far developed upon which probable service behavior 
can be predicted with reasonable accuracy. 

This is further confirmed by the results of a study 3 
conducted later by the Bureau of Public Roads on 

3 Road-Building Limerocks, by R. C. Thoreen, PuBLIC RoOaps, Vol. 16, No. 8, 
October 1935. 



April 1939 PUBLIC’ ROADS 39 

TABLE 9.—Analyses of limerocks or marls used in base construction in Alabama, Florida, and Georgia and on the experimental sections 

Group 1,! excellent Group 2,! good 

Identification and service behavior 

Chemical composition: 
Silica, alumina, and iron oxide-_-percent-- 
Calcium carbonate.._-._2._----.-. dos. 
Magnesium carbonate_._-..-..--.-- OO, 

Soil test constants: 
ACUIC UM tisee eset a eeeca set: chasse 
Pigs Olbyp IN GCXins. =. sen aee- soc eee oestrone 
BUrNKACO WIM Tyres eee one on ooo se eno 
PUrINKAge NaplOsss cease eee sk eee. 
Centrifuge moisture equivalent__-_-.----- 
Field moisture equivalent. -......-_------- 

Other physical tests: 
(WHMONURE VAlUGsees so ace eae oo cos 

0.40- 1.35 
97.8 —-98.7 

Sifhiey oiey 

7. 82 
91.1 

17 

21 

-26 20 
0 

-35 

14 
16 

11 

-23 
24 

-53 83 

1 From Road-Building Limerocks, by R. C. Thoreen, PUBLIC ROADS, October 1935. 

road-building limerocks, which include marls. This 
study was made to correlate test analyses with service 
behavior. The materials studied were those actually 
used in base construction in Florida, Georgia, and 
Alabama. The test results are summarized in table 9 
and are grouped according to the service behavior of 
the materials studied. For convenience of comparison, 
the analyses of the marl on the experimental sections 
are also included in this table. 

NO FAILURES COULD BE ATTRIBUTED TO IMPROPER GRADING 

The differences in the characteristics of the bitumi- 
nous materials used on these sections were not reflected 
in their service behavior. The weaknesses that devel- 
oped in the bituminous mats resulted primarily from 
unsatisfactory base conditions and the use of a rela- 
tively low percentage of bituminous material rather 
than from the type of bituminous material used. All 
of the mats were relatively lean and as a result were 
too rigid to adjust themselves to any appreciable base 
movement without cracking. 

Moisture also had a deterimental effect on the lean 
mixtures. Had a greater amount of bituminous mate- 
tial been used it is very probable that the amount of 
cracking would have been greatly reduced. Raveling 
may follow cracking or may occur independently of it 
when the percentage of bituminous material is low or 
when the bituminous residue has hardened as a result of 
weathering. However, on this project, raveling was 
not extensive because of the prompt and continued 
maintenance. On experiment 7B, the tar section on 
the sand-clay base, a small amount of raveling occurred 
although it was not extensive enough to warrant a 
re-treatment until 1936. On experiment 2B, the corre- 
sponding section on the marl base, raveling was more 
pronounced. On this section the base movement and 
moisture caused a considerable amount of cracking that 
resulted in raveling in spite of maintenance. 

No difference in behavior was observed that could be 
attributed to the penetration of the base asphalts used 
in the cut-back materials. The nonuniform appearance 
of experiment 7C, in which an emulsion was used, 
resulted from the mechanical difficulty encountered in 
applying the emulsion with the equipment available 
rather than from the character of the emulsion. 

The viscosities of the materials used in mixing and in 
the seal and surface treatments were relatively low in 
comparison with those now generally considered suit- 
able for these purposes. The initial viscosity greatly 

3. 
87. 

BY t:: S 

1.4 — 1.7 MY 1. 

. Experimental sections 2 1 Group 3,! fair Group 4,} poor mostly poor 

Range Average Range Average Range Average Range 

6-111 1, 67 0.35- 3.20 8. 29 6265= 1050)" [ke cececauee 10.4 - 14.6 
5 - 96.1 97.1 95.3 - 98.8 89.7 Siark =e. ule Uk leet oe. 83.9 -— 86.9 
61- .87 - 96 .76- 1,51 . 93 ots ae ae yl eS ae 1.33- 1.65 

- 23 24 20 = 27 28 23 =- 34 88 36 0 «~- 41 
- 6 4 0 - 7 il 8 -17 9 Go = AT 
- 25 25 22, = 29 21 16 —- 24 30 27 = 32 

6- 18 1.6 Loe. Le 16- 18 1.4 14- 1.5 
- 20 23 19 - 30 25 18 - 31 23 19 - 29 
- 22 24 21 - 30 21 17 - 24 34 29 — 42 

-110 57 11 -168 180 YG > SEG we pee pees 133. -500+- 

2 From table 1. 

influences the amount of bituminous material that will 
be retained by the aggregate, and it is problematical 
whether additional bituminous material of as low vis- 
cosity as that originally used with the relatively open 
stone mixes would have produced a less rigid mat. 
It is probable that increasing the percentage of bitumi- 
nous material would have resulted in a nonuniform 
mat with the bottom portion being excessively rich, 
unless the bituminous material was added in increments 
with manipulation and drying periods following each 
application. With such a procedure, however, there is 
considerable likelihood that excessive segregation of 
particles would occur. 

The use of a higher viscosity material and a greater 
percentage of it might have provided a bituminous mat 
that would have been less susceptible to cracking or to 
raveling and that would have been more resistant to 
the effect of moisture. This would have been particu- 
larly beneficial for the sections constructed on the mar! 
base. The service record and maintenance costs of the 
sections on the sand-clay base indicate that their design 
was satisfactory for the existing conditions. 

One of the purposes of the experiment was to obtain 
information on the effect of the size and grading of the 
aggregate. Information was desired on the value of 
relatively dense-graded aggregate as compared with a 
more open grading and also upon the merits of various 
maximum-size aggregates. As shown in the report, 
aggregates graded from 1% to % inch and from % to 4 inch 
were used with and without finer material added. It 
was expected that where material from % inch to dust 
was used in the mix the mat would be sufficiently dense 
as not to require a seal but that where such material 
was not used a seal would be required. 

Approximately 20 percent of material from % inch to 
dust was used with both the 1% to % inch and the %- 
to ¥-inch aggregates. It was observed during con- 

struction that the resulting mixtures were harsh and 
apparently would have been benefited had the per- 

centage of finer material been increased. ‘This was es- 
pecially noticeable where the maximum-size aggregate 
was 1% inches. Because wide differences of opinion 
still exist regarding the grading of aggregates and 
successful performance has been obtained with a wide 

variety of gradings, it could hardly be said that better 

results would have been obtained had the gradings been 

changed, especially since the service behavior gave no 

indication of failures resulting from improper grading. 
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AGGREGATE GRADINGS COMPARED WITH FULLER’S CURVES 

If it is assumed that a grading conforming substan- 
tially to that sometimes referred to as Fuller’s Ideal 
Grading Curve for Maximum Practical Density * can 
be satisfactorily used as a basis of comparison, interest- 
ing information is developed by a study of the aggre- 
gates used and of the changes in grading that occurred 
in service. This discussion is limited to a consideration 
of those sections, the ultimate grading of whose agere- 
gates was determined by extraction | and mechanical 
analysis after 8 years of service. For convenience the 
gradings are plotted in figures 11 and 12. The original 
oT adings are based upon the percentages and gradings 
of the aggregates used, and the final orading is the 
mechanical analysis of the aggregate extracted from 
mat samples taken in 1937. In the sample taken from 
experiment 6A the aggregate is the composite of the 
coarse and fine material i in the mix and the %- to 4-inch 
aggregates used in the seal and in the 1933 re-treat- 
ment. Experiments 8 and 9 were not re-treated, con- 
sequently only the aggregate placed at the time of 
construction is involved. 

The use of approximately 20 percent of the finer ma- 
terial, graded from % inch to dust with the 1% to 4-inch 

* Concrete Plain and Reinforced, by F. W. Taylor, 8S. E. Thompson, and E. Smul- 
ski. John Wiley & Sons, New York: 

aggregate In experiments 1 and 6, produced a mixture 
that was apparently not dense enough to permit 
omitting the seal treatment. It was originally reported 
that “at least 30 percent of fines would have been 
necessary in order to produce a surface (density) 
similar to that obtained with (aggregate graded from) 
% inch to dust.’”’ Considering the portion retained on 
the \-inch sieve as coarse and that passing it as fine 
material, it will be observed from the grading curve for 
experiment 6A in figure 11 that actually 28 percent of 
fine material was present although according to Fuller’s 
curve A, 40 to 45 percent could have been used. Had 
30 percent of the material eraded from \ inch to dust 
been used as suggested in the original report, the re- 
sulting grading would have been in substantial agree- 
ment with that given by Fuller’s curve. 

The final grading of the aggregate as determined by 
an extraction test on a sample taken from experiment 
6A in 1937 is shown in figure 11. As will be noted, the 
percentage passing any given sieve has greatly increased 
indicating that a considerable amount of crushing has 
Si uned: Since practically all of the extracted aggre- 
gate passed the 1-inch sieve, Fuller’s curve B, for 1-inch 
maximum-size aggregate, is more applicable for com- 
parison. Therefore using curve B as a basis for com- 
parison, it will be noted that as a result of the crushing 
that occurred the final grading has more nearly ap- 
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proached the maximum density curve especially for the 
Y¥-inch and smaller sizes. 

On experiments 3 and 8, where approximately 20 per- 
cent of the finer material was used with %- to '4-inch 
stone, the mixture was not harsh and the resulting mat 
seemed sufficiently dense as not to require a seal. It 
appeared that the amount of finer material used with 
the smaller-sized coarse stone was much more nearly 
correct than that used with the 1}/- to },-inch stone and 
the grading curves in figure 12 verify this. 

FINDINGS RELATIVE TO CHANGES IN GRADING 

SUMMARIZED 

Although 20 percent of fine material was added to 
both the *%4- to 44-inch and the 1- to 44-inch stone, the 
grading of the *4 inch to dust material oauniellne contained 
approximately twice as much material passing the 
4-inch and No. 10 sieves as did the combined material 
graded from 1) inches to dust. However, since the 
smaller maximum-size material requires increased 
amounts of finer sizes for a given density and because 
the % inch to dust material was in effect inch to dust 
pate lly: it 1s apparent by reference ite curve B in 
figure 12 that the percentages of material passing the 
¥-inch and No. 10 sieves should have been 64 and 40, 
E epoctively: instead of 53 and 26 percent, the com- 
bination actually contained. Moreover, it is interest- 
ing to note that as a result of the crushing that later 
occurred, the final material actually contained 63 per- 
cent passing the 44-inch sieve and 35 percent passing the 
No. 10 sieve. 

Grading curves for the aggregate used and of that 
extracted from the mat in 1937 from experiment 9 also 
are shown in figure 12. On this section the *- to 4-inch 
stone in the mixed mat contained no fine material, as 
surface density was to have been obtained by the seal 
treatment in which %- to 4-inch stone chips were used. 
It would not be expected that the original grading 
would conform to Fuller’s curve and it will be noted 
that it was practically a straight-line grading from 
4-inch to the No. 40 sieve. Its final grading, however, 
is very similar to Fuller’s curve in form although it is 
deficient in all sizes smaller than % inch. The differ- 
ence between the original and final gradings, which is 
a measure of the crushing that occurred, is greater on 
experiment 9 than on experiment 8. The increases in 
percentages passing the \-inch, No. 10 and No. 40 
sieves are 14, 12, and 12, respectively, for experiment 9 
while the corresponding percentages for experiment 8 
are 10, 9, and 10. Some such difference might be 
expected in view of the fact that the graded mixture in 
experiment 8 was denser initially and therefore less 
susceptible to crushing. 

Corresponding curves for the aggregates used on and 
extracted from the surface of experiment 10, which 
was a surface-treated section, are shown in figure 11, 
The aggregate used originally contained approximately 
the same percentage of material passing the }-inch 
sieve as did the combined aggregate of experiment 6A 
but substantially lesser amounts of material passing 
the No. 10 and No. 40 sieves. After 8 years in service, 
however, the percentages passing the \-inch, No. 10 
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and No. 40 sieves had increased to 54, 28, and 17 per- 
ent, respectively, as compared with the corresponding 

sizes of the material in experiment 6A which were 47, 
26, and 13, respectively. Here also, as on experiment 
9, considerably more crushing occurred than on the 
section where the mat was more dense originally. 

Summarizing the findings relative to the changes in 
grading that occurred, the following facts appear to 
have been established: 

1. Regardless of maximum size of stone used, crush- 
ing was more pronounced on the open type of mat 
than where greater density was provided initially. 

2. On both open and closed types of mats, crushing 
was less where the smaller maximum-size aggregate 
was used. 

3. For all gradings and on both open and closed 
types, crushing tended to produce increased density 
and the resulting grading approached that of Fuller’s 
curve for maximum practical density. 

Visual examination of the mat samples taken after 
8 years in service showed them to be quite similar in 
appearance. All of them were hard and dense and 
well bonded despite the fact that the surface area of 
the aggregate had increased greatly because of the 
crushing that had occurred. The mats were so similar 
in appearance as to make detection of the method of 
construction used impossible. 

Considering the character of the mats and the final 
gradings attained, it appears that the size and grading 
of the friable granite aggregate used on this project 
was of no great importance. It might even be inferred 
that crushing not only was not detrimental but was 
beneficial in providing greater density and stability 
than could have been obtained otherwise. As crushing 
occurred there was a corresponding increase in density 
and a reduction in voids. The low percentage of 
bituminous material used evidently became sufficient 
as the particles were brought into closer contact under 
the action of traffic. Had crushing not occurred it is 
quite likely that raveling would have been more pro- 
nounced. 

With an aggregate so susceptible to crushing, it is 
quite possible that if a greater percentage of bituminous 
material had been used originally the mats might 
eventually have become too rich when greater density 
was obtained. This may explain the frequently 
observed tendency of bituminous mats to develop 
rich or fat spots after a considerable period of satis- 
factory behavior. 

The road-mix and inverted penetration methods used 
on this work are in common use at the present time and 
are proving very satisfactory where the materials used 
have been properly selected. Direct penetration meth- 
ods are also being used satisfactorily but the particular 
penetration method used in constructing experiments 
2C and 7C would not now be considered good practice. 
Some unsatisfactory areas developed on sections con- 
structed by each of the three methods but factors other 
than the construction method used were responsible 
for their unsatisfactory behavior, except that, as pre- 
viously noted, the penetration method used on experi- 
ments 2C and 7C is believed to be at least partially 
responsible for their behavior. 

CONSTRUCTION AND MAINTENANCE COSTS GIVEN FOR EACH 

SECTION 

For the road-mix type of construction, densely 
graded aggregates, especially those containing appreci- 

able amounts of material passing the number 200 sieve, 
are not generally used with rapid-curing materials. 
On this experimental road no difficulty was encountered 
in obtaining mixtures of uniformly coated aggregate 
either with the 1% inches to dust aggregate or with that 
graded from % inch to dust. Although the air temper- 
atures were relatively high, the loss of the volatile 
portion of the bituminous material was not sufficient 
to interfere with the manipulation and placing of the 
mixtures. The character of the distillate used in the 
cut-backs was such as to provide a material more nearly 
resembling the medium-curing type of cut-back; con- 
sequently, it is likely that a greater amount of fines 
could have been used without greatly increasing the 
work of mixing. 

For a number of years the inverted penetration or 
surface-treatment method has been used satisfactorily 
on many miles of construction where a relatively thin 
mat was deemed adequate. Its low initial cost, ease 
of maintenance, and the fact that it serves excellently 
in stage construction show its economy and adaptabil- 
ity. Reference to the views of experiment 10 in figure 
10, and to its analysis in table 8, show that the seal 
and re-treatment, together with the crushing of the 
ageregate that occurred in service, eventually produced 
a mat that was very similar to those originally obtained 
by the road-mix method. Although the liquid bitu- 
minous material was satisfactory in the surface-treated 
sections of this road, the use of a more viscous material 
is more generally favored in constructing surface- 
treated roads. Such material offers better protection 
against moisture, and, as it becomes very viscous almost 
immediately upon application, the cover stone is 
readily held in place. 

For convenience of comparison, a summary of the 
cost data is given in table 10. It will be observed that 
little relation exists between the costs of construction 
and of maintenance. All of the sections on the sand- 
clay base were more economical to maintain than were 
the corresponding sections built on the marl base. 
Moreover, it is interesting to note that, in the order of 
their cost of maintenance, the corresponding sections 
on the two bases are almost identical, which fact might 
indicate that the character of the base was not the sole 
cause of the difference but that the type of structure 
had some effect on the maintenance cost. 

Experiment 10 has been the most economical in total 
cost in spite of its annual maintenance cost of 2.08 
cents. Experiments 6A, 6B, 8, and 9 have been more 
economical to maintain but their total costs are greater 
than that of experiment 10. The difference in main- 
tenance cost between experiments 8 and 10 is sufficient 
to make experiment 8 the more economical after a period 
of 8 years providing, of course, that future maintenance 
costs continue in the same proportion as in the past. 
No other section would approach experiment 10 in 
economy within any reasonable period of time. 

Based on their behavior, it is reasonable to expect 
that the sections on the sand-clay base will continue to 
give satisfactory service with little increase in mainte- 
nance cost under the conditions now existing. More- 
over, the present structural soundness of the base and 
mat are apparently such that improvements to meet 
increased traffic demands could probably be made 
without sacrificing the present investment. 

The same situation does not exist for the sections on 
the marl base, with the exception possibly of experi- 
ments 1A, part of 1B, 3, and 4 where good drainage 
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exists. It is improbable that the marl bases on this 
road will ever be better than in the past, and there is 
little reason to expect that any bituminous surface 
placed on it will be satisfactory for any considerable 
period. Stabilization of the marl base to reduce its ad- 
verse reaction to moisture would be necessary in order 
to provide a foundation comparable with that provided 
at present by the sand-clay material. 

TaBLE 10.—Summary of cost data 

SECTIONS ON MARL BASE 

Costs in cents per square yard 

Order of 

Section Average mainte- 
Construc-| Mainte- ee ie annual Teast 

tion nance ios ” | mainten 
ance 

VA eee eee trees eee. Lee Ls 66. 12 25. 75 91. 87 3.32 6 
Lit ener ee aD a So 72. 58 42, 29 114. 87 5. 46 4 
ING os oe Ane oe 70. 34 48. 73 119. 07 6. 29 3 
21s See eres geet eS eS YS 79. 40 55. 42 134. 82 7165 2 
PAO nn Spe «aed coer SR ae eee 84. 62 103. 86 188. 48 13. 40 1 
Sh J.5 3) oe eee ee ee 61. 07 17. 39 78. 46 2. 24 8 
fe a Se See eee 55. 46 23. 69 79.15 3. 06 7 
[te SE eae a eee a a 28. 47 39. 77 68. 24 6.138 5 

ACV OL AU Oren an eee eo awe iia ee ee en ee PS bsSl’ tee esos 

SECTIONS ON SAND-CLAY BASE 

GC Ameer nner ae see oe SE Pe 72. 63 14.11 86. 64 1.82 6 
GSS: 5 Ae Sean eee 72. 10 15.12 87. 22 1.95 5 
CLA ee ae ore SO eS Saha 62. 86 20, 29 83.15 2. 62 3 
AES ere ee ee ein as REEL 73, 23 26, 91 100, 14 3.47 2 
7 Cee eee ee eee oe 84. 55 44,19 128. 74 5. 70 1 
{SE LE 1 oa a 59. 53 1, 26 60. 79 16 8 
Bei eee ee ee 66. 74 2. 92 69. 66 38 7 
iL) eee Pee ee eS 29. 44 16. 14 45. 58 2.08 4 

IAVCTAD OLS eens eee see = OSLO Meee ce one | See neta PAUP al era See ae 

Be pig CAR OID SS 43 

CONCLUSIONS 

The record obtained and the observations made on 
this road during the period covered by this report ap- 
pear to warrant the following conclusions: 

1. The service behavior of the bituminous surfaces 
was affected more by the character of the base than by 
the types of surfaces or the materials used in them. 

2. The suitability of marl and of sand-clay as base 
materials was not indicated by their apparent similarity 
to other like materials or by their behavior before the 
bituminous surfaces were applied. 

3. Definite knowledge of thecharacteristics that affect 
the service behavior of soils would have made possible 
the use of local materials to the best advantage and 
would have eliminated the likelihood of importing ma- 
terial that was inferior to that already at hand. 

4. The present method of soil analysis and classifica- 
tion provides reliable information on the characteristics 
of soils and on their probable service behavior under 
given conditions. 

5. Satisfactory bituminous surfaces can be con- 
structed by various methods but the materials used 
should be suited to the method selected. 

6. In the design of mixtures, consideration should be 
given to the possibility of the aggregate crushing under 
traffic, in order that the increase in density will not 
result in the voids being over-filled with bituminous 
material. 

7. The construction of an adequate base will greatly 
reduce maintenance costs and will make possible the 
construction of a relatively thin and economical surface. 

8. The construction of a thin mat that is satisfactory 
for current needs is most economical, providing ade- 
quate base support is provided originally, and such a 
surface can be strengthened to meet increased traffic 
demands. 
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